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APYERTISEMENT  TO  THE  NEW  EDITION. 


The  Second  Yolume  of  Lardner's  original  Handbook  of 
NcUural  Philosophy  contained  two  parts  :  one  on  Hydrostatics^ 
Pneimiatics,  and  Hydrodynamics ;  the  other  on  Heat.  The 
considerable  additions  which  have  been  made  in  recent  times  to 
our  knowledge  of  the  phenomena  of  Heat  and  to  their  theo- 
retical interpretation,  rendered  it  necessary  to  devote  a  separate 
yolume  to  the  subject,  and  to  give  it  more  adequate  treatment. 
Consequently  the  present  treatise  on  Heat  contains  about  three 
hundred  and  twenty  pages  of  new  matter,  embodying  all  the 
more  important  researches  in  this  branch  of  Physics  up  to  the 
present  day;  while  even  the  small  portion  which  has  been 
transferred  from  the  original  work  had  to  be  remodelled  and 
brought  in  accord  with  modem  terms  and  views.  The  editor 
has  endeavoured  to  present  the  facts  in  the  most  simple 
language,  adapted  to  the  beginner  in  this  subject  and  to  the 
general  reader.     A  special  chapter  has  been  devoted  to  appli- 


vi       ADVERTISEMENT  TO  THE  NEW  EDITION. 

cations  and  problems,  in  which  the  present  requirements  of 
students  preparing  for  public  examinations  have  been  kept  in 
view.  It  is  hoped  that  such  readers  will  find  much  help  in 
their  studies  from  the  matter  thus  placed  before  them  in  an 
easily  accessible  and  collected  form. 

January  J  l^t^j. 


PEEFACE. 


This  work  is  intended  for  all  who  desire  to  attain  an  accu- 
rate knowledge  of  Physical  Science,  without  the  profound 
methods  of  Mathematical  Investigation.  Hence  the  expla- 
nations are  studiously  popular,  and  everywhere  accompanied 
by  diversified  elucidations  and  examples,  derived  from 
common  objects,  wherein  the  principles  are  applied  to  the 
purposes  of  practical  life. 

It  has  been  the  Author's  especial  aim  to  supply  a  manual 
of  such  physical  knowledge  as  is  required  by  the  Medical 
and  Law  Student,  the  Engineer,  the  Artisan,  the  superior 
classes  in  Schools,  and  those  who,  before  commencing  a 
course  of  Mathematical  Studies,  may  wish  to  take  the 
widest  and  most  commanding  survey  of  the  field  of  inquiry 
upon  which  they  are  about  to  enter. 

Oreat  pains  have  been  taken  to  render  the  work  complete 
in  all  respects,  and  co-extensive  with  the  actual  state  of  the 
Sciences,  according  to  the  latest  discoveries. 

Although  the  principles  are  here,  in  the  main,  developed 
and  demonstrated  in  ordinary  and  popular  language,  mathe- 
matical symbols  are  occasionally  used  to  express  results 
more  clearly  and  concisely.  These,  however,  are  never 
employed  without  previous  explanation. 


viii  PREFACE. 

The  present  edition  has  been  augmented  by  the  introduc- 
tion of  a  vast  number  of  illustrations  of  the  application 
of  the  various  branches  of  Physics  to  the  Industrial  Arts, 
and  to  the  practical  business  of  life.  Many  hundred  en- 
gravings have  also  been  added  to  those,  already  numerous, 
of  the  former  edition. 

For  the  convenience  of  the  reader  the  series  has  been 
divided  into  Five  Treatises,  which  may  be  obtained  sepa- 
rately. 

Mechanics     .  .  *  _.  .     One  Volume. 

Hydrostatics  and  Pneumatics  .    One  Volume. 

.Heat  '  >         '    .  ..  .     Onei  Volume. 

Optics  .  .  .  .     One  Volume. 

„      Electeioitt,  Magnetism,  and  Acoustics  One  Volume. 

The  Five  Volumes  taken  together  will  form  a  complete 
course^  of  Natural  Philosophy,  sufficient  not  only  for  the 
highest  degree  of  School  education,  but  for  that  numerous 
class  of  University  Students  who,  without  aspiring  to  the 
attainment  of  Academic  honours,  desire  to  acquire  that 
general  knowledge  of  these  Sciences  which  is  necessary 
to  entitle  them  to  graduate,  and,  in  the  present  state  of 
society,  is  expected  in  all  well-educated  persons. 
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BOOK  THE  FIRST. 

GENERAL  EFFECTS  OF  HEAT  UPON  BODIES. 
EXPANSION,   AND   CHANGE    OP   STATE   OF    AGGREGATION, 
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CHAPTER  I. 

PRELIMINARY  PRINCIPLES. 

1.  There  are  certain  changes  in  the  condition  or  state  of 
bodies  which  are  referred  to  a  physical  agency  called  Heat.  One 
of  the  most  familiar  effects  of  this  agency  is  the  sense  of  more  or 
less  warmth  which  a  body  produces  upon  our  organs.  We  call 
a  body  cold^  or  warm,  or  hot,  according  to  the  difference  in  cer- 
tain sensations  produced  by  the  body  ;  and  if  these  sensations, 
which  inform  us  of  the  state  of  bodies  with  reference  to  heat, 
were  under  all  circumstances  trustworthy,  and  at  all  times  com- 
parable, we  should  at  once  possess  the  means  of  subjecting  the 
phenomena  of  heat  to  close  investigations  without  the  necessity 
of  employing  special  instruments  designed  for  measuring  the 
changes  in  the  state  of  sensible  heat  of  bodies,  or  more  briefly, 
the  changes  in  the  temperature  of  bodies. 

2.  But  the  senses,  though  appealed  to  by  the  whole  world  as 
the  most  unerring  witnesses  of  the  physical  qualities  of  bodies, 
are  found,  when  submitted  to  the  severe  scrutiny  of  the  under- 
standing, not  only  not  the  best  sources  of  exact  information  as 
to  the  qualities  or  degrees  of  the  physical  principles  by  which 
they  are  severally  affected,  but  the  most  fallible  guides  that  can 
be  selected,  often  informing  us  of  a  quality  which  is  absent,  and 
of  the  absence  of  one  which  is  present. 
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Nor  should  this  be  any  matter  of  surprise.  Our  organs  of 
sense  are  not  designed  to  be  philosophical  instruments.  The  eye, 
tJie  ear,  and  the  touch,  though  admirably  adapted  to  serve  our 
purposes,  are  not  severally  a  telescope,  a  monochord,  and  a  ther- 
mometer. An  eye  which  would  enable  us  to  see  the  inhabitants  of 
a  planet  would  probably  ill  requite  its  owner  for  that  ruder  power 
which  guides  him  through  the  town  he  inhabits,  and  enables  him 
to  recognise  the  friends  who  surround  him.  The  comparison  of 
the  instnunents  which  are  adapted  for  the  uses  of  commerce  and 
domestic  economy  with  those  destined  for  scientific  purposes 
supplies  an  appropriate  illustration  of  these  views.  The  delicate 
balance  used  by  the  chemist  in  determining  the  analysis  of  the 
bodies  upon  which  he  is  engaged  would,  by  reason  of  its  very 
perfection  and  sensibility,  be  utterly  useless  in  the  hands  of  the 
merchant  or  the  housewife.  Each  class  of  instruments  has,  how- 
ever, its  peculiar  use,  and  is  adapted  to  give  indications  with 
that  degree  of  accuracy  which  is  necessary,  and  required  for  the 
purposes  to  which  it  is  applied. 

3.  The  touch  is  the  sense  by  which  we  acquire  a  perception 
of  heat.  It  is  evident,  nevertheless,  that  it  cannot  inform  us  of 
the  quantity  of  heat  which  a  body  contains,  much  less  of  the 
relative  quantities  contained  in  any  two  bodies.  For  not  all  heat 
is  sensible,  that  is,  heat  attended  by  a  sense  of  increased  or  dind- 
nished  warmth.  It  occurs  in  many  cases  that  a  body  may 
receive  a  very  large  accession  of  heat  without  any  increased 
sense  of  warmth  being  produced  by  it,  and  may,  on  the  other 
hand,  lose  a  considerable  quantity  of  heat  without  exciting  any 
diminished  sense  of  warmth.  The  heat  which  a  body  thus  re- 
ceives or  loses  without  affecting  the  senses  has  been  called  latent 
heat. 

In  no  case  is  the  sense  of  touch  affected  by  latent  heat,  and  it 
can  thus  give  no  indication  of  the  fact  that  a  solid  lump  of  ice 
and  a  quantity  of  ice  cold  water,  although  both  may  be  of  the 
same  temperature,  contain  very  different  quantities  of  heat. 

4.  But  it  may  be  said  that  even  the  thermometer  does  not 
in  this  case  indicate  the  presence  of  the  excess  of  heat  in  the 
liquid.  The  sense  of  feeling  will,  however,  be  found  almost  as 
fallacious  as  regards  the  temperature  of  bodies  ;  for  it  is  easy  to 
show  that  the  sense  of  warmth  depends  as  much  upon  the  con- 
dition of  the  part  of  the  body  which  touches  or  is  surrounded  by 
the  warm  or  cold  medium,  as  on  the  temperature  of  that  medium 
itself. 

If  the  two  hands  be  plunged,  one  in  water  which  is  very  hot 
and  the  other  in  water  which  is  very  cold,  and  being  held  there 
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for  a  certain  time  both  are  transferred  to  water  of  an  inter- 
mediate temperature,  this  water  will  appear  warm  to  the  hand 
which  had  been  plunged  in  the  cold  water,  and  cold  to  the  hand 
which  had  been  plunged  in  the  hot  water. 

If  on  a  hot  day  in  summer  we  descend  into  a  deep  cave,  it 
will  feel  cold  ;  if  we  descend  into  the  same  deep  cave  on  a  frosty 
day  in  winter,  it  will  feel  warm  ;  yet  a  thermometer  in  this  case 
will  prove  that  in  the  winter  and  in  the  siunmer  it  has  very 
nearly  the  same  temperature. 

These  anomalies  arise  from  the  fact  that  all  our  sensations  are 
relative.  When  the  body  has  been  exposed  to  a  high  tempera- 
ture, a  medium  which  has  a  lower  temperature  will  feel  cold,  and 
the  same  medium  will  feel  cold  if  the  body  has  been  exposed  to 
a  lower  temperature. 

5.  If  in  a  room  raised  to  a  high  temperature,  as  in  a  vapour  or 
hot-air  bath,  we  touch  with  the  hand  different  objects,  they  will 
appear  to  have  very  different  temperatures  ;  a  woollen  carpet  will 
feel  cold,  marble  slabs  warm,  and  metal  objects  very  hot.  If,  on 
the  other  hand,  we  are  in  a  room  at  a  very  low  temperature,  all 
these  properties  will  be  reversed  ;  the  carpet  will  feel  warm,  the 
marble  slabs  cold,  and  the  metallic  objects  colder  still. 

These  effects  depend  on  the  different  behaviour  of  bodies 
with  reference  to  heat.  Thus  a  woollen  carpet  belongs  to  a  class 
of  bodies  called  non-conductors  of  heat.  When  surrounding 
objects  are  at  a  more  elevated  temperature  than  that  of  the 
body,  the  woollen  carpet  partaking  in  this  temperature  will, 
when  touched,  feel  cool,  because,  being  a  non-conductor  of  heat, 
the  heat  which  pervades  it  does  not  pass  freely  to  the  part  of  the 
body  which  touches  it.  A  marble  slab  being  a  better  conductor, 
and  a  metallic  object  a  still  better,  the  heat  will  pass  from  them 
more  freely  to  the  part  of  the  body  which  touches  them,  and 
they  accordingly  appear  hotter. 

But  if  the  room  be  at  a  temperature  much  lower  than  the 
body,  then  when  we  touch  the  woollen  carpet  the  heat  does  not 
pass  from  our  body  to  the  carpet,  because  it  is  a  non-conductor, 
and  as  we  do  not  lose  heat,  the  carpet  feels  warm  ;  but  when  we 
touch  the  marble,  and  still  more  a  metallic  object,  the  heat 
passes  more  and  more  freely  from  our  body  to  these  objects, 
and  being  sensible  of  a  loss  of  heat  more  or  less  rapid,  we  feel 
cold. 

6.  It  will  be  evident  from  facts  like  those  stated  in  the  pre- 
ceding article,  that  the  truthful  pursuit  of  all  inquiries  about 
heat  must  depend  in  the  first  instance  on  rejecting  all  informa- 
tion derived  from  our  senses  alone.     In  order  to  obtain  more 
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trustworthy  means  of  studying  heat,  it  will  become  necessary  to 
take  a  preliminary  survey  of  the  general  effects  of  heat,  and  to 
examine  whether  these  effects  do  not  in  themselves  present  some 
guide  better  adapted  to  the  discovery  of  truth  than  our  sensa- 
tions, and  it  will  be  advantageous  to  the  student  to  introduce  here 
at  the  same  time  the  definitions  of  some  terms  which  are  used  in 
describing  the  physical  phenomena  of  heat. 

7.  When  a  body  receives  or  loses  heat,  it  generally  suffers  a 
change  in  its  dimensions,  the  increase  of  heat  being  usually 
attended  with  an  increase  of  volume,  and  the  diminution  of  heat 
with  a  diminution  of  volume.  This  enlargement  of  volume  due 
to  the  accession  of  heat  is  called  expansimi^  or  dilatation ,  and  the 
diminution  of  volume  attending  the  loss  of  heat  is  called  contrac- 
tion. There  are,  however,  certain  exceptional  cases  in  which 
heat,  whether  received  or  lost,  is  attended  with  no  change  of 
volume,  and  others  in  which  changes  take  place  the  reverse  of 
those  just  mentioned  ;  that  is  to  say,  where  an  accession  of  heat 
is  accompanied  by  a  diminution  of  volume,  and  a  loss  of  heat 
with  an  increase  of  volume. 

8.  If  heat  be  imparted  in  sufficient  quantity  to  a  solid  body, 
it  will  pass  into  the  liquid  state.  Thus,  ice  or  lead,  being  solid, 
will  become  liquid  by  receiving  a  sufficient  accession  of  heat. 
This  change  is  called  fusion  or  liquefaction.  If  heat  be  extracted 
in  sufficient  quantity  from  a  body  in  the  liquid  state,  it  will  pass 
into  the  solid  state.  Thus,  water  or  molten  lead  losing  heat  in 
sufficient  quantity  will  become  solid.  This  change  is  called 
congelation  or  solidification  ;  the  former  term  being  applied  to 
substances  which  are  under  ordinary  circumstances  liquid,  and 
the  latter  to  those  that  are  usually  solid. 

If  heat  be  imparted  in  sufficient  quantity  to  a  body  in  the 
liquid  state,  it  will  pass  into  the  state  of  vapour.  Thus,  water 
being  heated  sufficiently  will  pass  into  the  form  of  steam.  This 
change  is  called  vaporisation.  If  a  body  in  the  state  of  vapour 
lose  heat  in  sufficient  quantity,  it  will  pass  into  the  liquid  state. 
Thus,  if  a  certain  quantity  of  heat  be  abstracted  from  steam,  it 
will  become  water.  This  change  is  called  condensation ;  because, 
in  passing  from  the  vaporous  to  the  liquid  state,  the  body  always 
undergoes  a  very  considerable  diminution  of  volume,  and  there- 
fore becomes  condensed. 

9.  Heat,  when  imparted  to  bodies  in  a  certain  quantity,  will 
in  some  cases  render  them  luminous.  Thus,  a  piece  of  iron, 
heated  to  a  certain  degree,  emits  red  light ;  we  then  say  that  the 
body  is  red  hot.  This  luminous  state,  which  is  depending  on  the 
accession  of  heat,  is  called  vtacaiidescence. 
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The  more  intense  the  heat  is  which  is  imparted  to  an  incan- 
descent body,  the  more  white  will  be  the  light  which  it  emits. 
When  it  first  becomes  luminous,  it  emits  a  dusky  red  light.  The 
redness  becomes  brighter  as  the  heat  is  augmented,  until  at 
length,  when  the  heat  becomes  extremely  intense,  it  emits  a 
white  light  resembling  solar  b'ght.  A  bar  of  iron  submitted  to 
the  action  of  a  furnace  will  exhibit  a  succession  of  phenomena 
illustrative  of  this. 

10.  Certain  bodies,  when  surrounded  by  atmospheric  air, 
being  heated  to  a  certain  degree,  will  enter  into  chemical  com- 
bination with  the  oxygen  gas  which  forms  one  of  the  constituents 
of  the  atmosphere.  This  combination  will  be  attended  with  a 
large  development  of  heat,  which  is  accompanied  usually  by 
incandescence  and  flame.  This  phenomenon  is  called  comhii^tiouy 
and  bodies  which  are  susceptible  of  this  effect  are  called  com6it«- 
tihle  bodies.  The  flame,  which  is  one  of  the  effects  of  combustion, 
is  gas  rendered  incandescent  by  heat. 

11.  When  heat  is  communicated  to  any  part  of  a  body,  the 
temperature  of  that  part  of  the  body  is  momentarily  raised  above 
the  general  temperature  of  the  body.  This  excess  of  heat,  how- 
ever, is  gradually  transmitted  from  particle  to  particle  through- 
out the  whole  mass,  until  it  becomes  uniformly  diff'used  and  the 
temperature  of  the  body  becomes  equalised. 

The  quality  in  virtue  of  which  heat  is  transmitted  from  par- 
ticle to  particle  throughout  the  volume  of  a  body,  is  called 
thermal  condtictivity. 

Bodies  have  the  quality  of  conductivity  in  different  de- 
grees ;  those  being  called  good  conductors  in  which  any  inequa- 
lity of  temperature  is  quickl}'  equalised,  the  excess  of  heat  being 
transmitted  with  great  promptitude  and  facility  from  particle  to 
particle.  Those  in  which  it  passes  more  slowly  and  imperfectly 
through  the  dimensions  of  a  body,  and  in  which,  therefore,  the 
equilibrium  of  temperature  is  more  slowly  established,  are  called 
imperfect  conductors.  Bodies  in  which  the  excess  of  heat  fails 
to  be  transmitted  from  particle  to  particle  before  it  has  been  dis- 
sipated in  other  ways  are  called  non-conductors. 

The  metals  in  general  are  good  conductors,  but  different  me- 
tals have  different  degrees  of  conductivity.  The  earths  and 
woods  are  bad  conductors,  and  soft,  porous,  and  spongy  sub- 
stances still  worse. 

12.  Heat  is  propagated  from  bodies  by  radiation  in  the  same 
manner  and  according  to  nearly  the  same  laws  as  those  which 
govern  the  radiation  of  light.     Thus  it  proceeds  in  straight  lines 
from  the  points  whence  it  emanates,  divergm^  m  ^'^^tc'^  ^vt^^- 
tion,  these  Unea  being  called  thermal  rays. 
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Certain  bodies  are  pervious  to  the  rays  of  heat,  just  as  glass 
and  other  transparent  media  are  pervious  to  the  rays  of  light. 
They  are  called  diathermanous  bodies.  Thus  atmospheric  air 
and  gaseous  bodies  in  general  are  more  or  less  diathermanous. 

The  rays  of  heat  are  reflected  and  refracted  according  to  the 
same  laws  as  those  of  light.  They  are  collected  into  foci  by 
spherical  mirrors  and  lenses,  they  are  polarised  both  by  reflec- 
tion and  refraction,  and  are  subject  to  all  the  phenomena  of 
double  refraction  by  certain  crystals  in  a  manner  analogous  to 
that  which  takes  place  in  relation  to  the  rays  of  light. 

Bodies  are  diathermanous  in  different  degrees.  Imperfectly 
diathermanous  bodies  transmit  some  of  the  rays  of  heat  which 
impinge  on  them,  and  absorb  others  ;  the  portions  which  they 
absorb  raising  their  temperature,  but  those  which  they  transmit 
not  afiecting  their  temperature. 

The  surfaces  of  bodies  reflect  heat  in  different  degrees  ;  those 
rays  which  they  do  not  reflect  they  absorb.  The  degrees  of 
transmission,  absorption,  and  reflection  vary  with  the  nature  of 
the  body  and  the  state  of  its  surface  with  respect  to  smoothness, 
roughnesss,  or  colour. 

Rays  of  heat,  like  those  of  light,  are  differently  refrangible. 

13.  The  term  heat  is  used  in  different  senses  ;  first,  to  ex- 
press our  own  sensations  when  we  are  surrounded  by  a  hot  me- 
dium or  touch  a  heated  body  ;  secondly,  to  express  the  quality 
of  the  body  by  which  this  sensation  is  produced  ;  and  thirdly,  to 
express  the  physical  cause,  whatever  it  be,  to  which  the  pheno- 
mena are  due. 

Nothwithstanding  these  different  senses  of  the  same  term, 
no  confusion  or  obscurity  arises  in  its  use,  the  particular  sense 
in  which  it  is  applied  being  generally  evident.  The  term  caloric 
has  formerly  been  much  used  in  a  special  sense,  viz.,  expressing 
the  physical  agency  to  which  the  effects  of  heat  are  due. 

14.  Two  hypotheses  have  been  proposed  to  explain  the  phe- 
nomena of  heat.  The  first  regards  heat  as  an  extremely  subtle 
fluid,  pervading  all  space,  entering  into  combination  in  various 
proportions  and  quantities  with  bodies,  and  producing  by  this 
combination  the  effects  of  expansion,  fusion,  vaporisation,  and 
all  the  other  phenomena  above  mentioned.  The  second  hypo- 
thesis regards  it  as  some  kind  of  motion  either  of  the  consti- 
tuent molecules  of  the  body,  or  of  a  subtle  fluid,  called  JSther, 
which  penetrates  all  bodies.  The  theory  of  heat  according  to 
the  most  recent  views  will  be  fully  explained  further  on,  but  in 
the  first  portion  of  this  work  the  general  effects  of  heat  will  be 

stated  independently  of  any  hypothesis. 
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15.  Beflnition  of  temperatiire. — The  state  of  a  body  con- 
sidered with  reference  to  its  power  of  communicating  heat  to 
other  bodies  is  called  ita  tenyperature.  The  state  of  a  body  with 
reference  to  heat  generally  may  be  designated  as  its  thermal 
state,  and  when  bodies  are  placed  in  communication  with  refer- 
ence to  heat,  they  may  be  said  to  be  in  thermal  conimunlcatioii. 
Now  whenever  two  bodies  are  in  thermal  communication,  and 
one  body  loses  heat  while  the  other  gains  heat,  the  body  which 
loses  heat  is  said  to  have  a  higher  temperature  than  the  body 
which  receives  heat  from  it. 

It  follows  from  this,  that  two  bodies  have  equal  temperatures 
if  neither  of  them  loses  or  gains  heat,  when  they  are  placed  in 
thermal  communication.  Such  two  bodies  are  also  said  to  be  in 
thermal  equilibrium^ 

16.  Measiires  of  temperature. — It  will  be  seen  at  once 
that  the  statements  contained  in  the  preceding  article  give  us  a 
means  of  comparing  the  temperature  of  any  two  bodies,  so  as 
to  determine  which  has  the  higher  temperature,  and  at  the 
same  time  a  test  of  the  equality  of  temperature  which  is  in- 
dependent of  the  nature  of  the  bodies  tested.  But  we  have  as 
yet  no  means  of  estimating  numerically  the  difference  between 
two  temperatures  with  reference  to  a  definite  unit,  so  as  to  be 
able  to  assert  that  a  certain  temperature,  for  example,  is  exactly 
half-way  between  two  other  temperatures. 

All  measurement  of  temperature  rests  on  the  following 
Law  of  Eqiud  Temperatures : — 

Bodies  whose  temperatures  are  equal  to  that  of  the  same  body 
have  themselves  equal  temperatures. 

This  law  expresses  the  fact  that  if  a  piece  of  iron  when 
plunged  into  a  vessel  of  water  is  in  thermal  equilibrium  with 
the  water,  and  if  the  same  piece  of  iron,  without  altering  its 
temperature,  is  transferred  to  a  vessel  of  oil,  and  is  found  to  be 
in  thermal  equilibrium  with  the  oil,  then  if  the  oil  and  water 
were  put  into  the  same  vessel  they  would  themselves  be  in 
thermal  equilibrium,  and  the  same  would  be  true  of  any  other 
three  substances. 

Of  all  ^he  various  effects  of  heat,  that  which  is  best  adapted 
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to  indicate  and  measure  temperature  is  dilatation  and  contraction. 
The  same  body  always  has  the  same  volume  at  the  same  tempera- 
ture, and  always  suffers  the  same  change  of  volume  with  the 
same  change  of  temperature. 

Since  the  volume  and  change  of  volume  admit  of  the  most 
exact  measurement  and  of  the  most  precise  numerical  expression, 
they  become  the  means  of  submitting  differences  of  temperature 
to  numerical  measure  and  expression. 

The  instruments  employed  for  the  measurement  of  tempera- 
ture are  called  Thermometers.  Certain  kinds  of  such  instruments, 
mostly  confined  to  the  measurement  of  high  temperatures,  and 
to  be  described  hereafter,  are  called  Pyrometers. 

If  we  take  an  instrument  of  this  kind,  such  as  the  common 
mercurial  thermometer,  which  will  be  described  immediately, 
and  bring  it  into  intimate  contact  with  different  bodies,  by 
plunging  it  into  liquids,  or  inserting  it  into  holes  made  in  solid 
bodies,  we  find  that  the  mercury  in  the  tube  rises  or  falls  till  it 
has  reached  a  certain  point,  at  which  it  remains  stationary.  We 
then  know  that  the  thermometer  is  neither  becoming  hotter  nor 
colder,  but  is  in  thermal  equilibrium  with  the  surrounding  body. 
It  follows  from  this,  by  the  law  of  equal  temperatures,  that  the 
temperature  of  the  body  is  the  same  as  that  of  the  thermo- 
meter, and  the  temperature  of  the  thermometer  itself  is  known 
from  the  height  at  which  the  mercury  stands  in  the  tube. 
Hence  the  reading,  as  it  is  called,  of  the  thermometer — that  is, 
the  number  of  degrees  indicated  on  the  scale  by  the  top  of  the 
mercury  in  the  tube — informs  us  of  the  temperature  of  the  sur- 
rounding substance,  as  well  as  of  that  of  the  mercury  in  the 
thermometer.  It  is  in  this  way  that  the  thermometer  may  be 
used  to  compare  the  temperature  of  any  two  bodies  at  the  same 
time  or  at  different  times. 

1 7.  The  mercurial  tbermometer. — Although  all  bodies  are 
susceptible  of  dilatation  and  contraction  by  change  of  tempera- 
ture, they  are  not  equally  convenient  for  the  purpose  of  mea- 
suring temperatures.  For  reasons  which  will  become  apparent 
hereafter,  the  most  available  thermometric  substance  for  general 
purposes  is  mercury.  The  mercurial  thermometer  consists  of  a 
capillary  tube  of  glass,  at  one  end  of  which  a  thin  spherical  or 
cylindrical  bulb  is  blown,  the  bulb  and  a  part  of  the  tube  being 
filled  with  mercury. 

When  such  an  instrument  is  exposed  to  an  increase  of  tem- 
perature, the  glass  and  mercury  will  both  expand.     If  they* 
expanded  in  the  same  proportion,  the  capacity  of  the  bulb  and 
tube  would  be  enlarged  in  the  same  proportion  as  the  mercury 
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contained  in  them,  and,  consequently,  the  column  of  mercury 
in  the  tube  would  neither  rise  nor  fall,  since  the  enlargement  of 
its  volume  would  be  exactly  equal  to  the  enlargement  of  the 
capacity  of  the  bulb  and  tube.  If,  however,  the  expansion  of  the 
bulb  and  tube  be  different  from  that  of  the  mercury,  the  column 
in  the  tube  will,  after  expansion,  stand  higher  or  lower  than 
before,  according  as  the  expansion  of  the  mercury  is  greater  or 
less  than  the  expansion  of  the  bulb  and  tube. 

It  is  found  that  the  expansion  of  mercury  is  greater  than 
that  of  glass  in  the  proportion  of  nearly  20  to  i,  and,  conse- 
quently, the  capacity  of  the  bulb  and  tube  will  be  less  enlarged 
than  the  volume  of  the  mercury  contained  in  them  in  the  pro- 
portion of  nearly  i  to  20  ;  hence,  for  the  reason  above  stated, 
every  elevation  of  temperature  by  which  the  mercury  and  tube 
would  be  affected  will  cause  the  column  of  mercury  io  rise  in 
the  tube,  and  every  diminution  of  temperature  will  cause  it 
to  fall. 

The  space  through  which  the  mercury  will  rise  in  the  tube  )»y 
a  given  increase  of  temperature  will  be  greater  or  less  according 
to  the  proportion  which  the  tube  bears  to  the  capacity  of  the 
bulb.  The  smaller  the  proportion  the  tube  bears  to  the  capacity 
of  the  bulb,  the  greater  will  be  the  elevation  of  the  column  pro- 
duced by  a  given  increase  of  temperature  ;  for  a  given  increase 
of  temperature  will  produce  a  definite  increase  of  volume  in  the 
mercury,  and  this  increase  of  -volume  will  fill  a  greater  space  in 
the  tube  in  proportion  to  the  smaUness  of  the  bore  of  the  tube 
compared  with  the  capacity  of  the  bulb. 

Such  an  instrument,  without  other  appendages  or  prex^ara- 
tion,  would  merely  indicate  such  changes  of  temperature  in  a 
given  place  as  would  be  sufficient  to  produce  visible  changes  in 
the  elevation  of  the  column  of  mercury  contained  in  the  tube. 
To  render  it  useful  for  the  purposes  of  science  and  art,  and  in 
domestic  economy,  various  precautions  are  necessary,  which 
have  for  their  object  to  render  the  indications  of  different  ther- 
mometers comparable  with  each  other,  and  to  supply  means  for 
exact  numerical  measurement  of  the  changes  of  temperature. 

18.  Tlie  construotion  of  tbe  mercurial  thermometer. — 
The  first  condition  to  be  fulfilled  is  that  the  mercury  with  which 
the  tube  is  filled  shall  be  as  pure  as  possible,  and  freed  from 
moisture  and  air  by  the  same  means  as  have  been  already  ex- 
plained in  the  case  of  the  barometer  ('  Hydrostatics,'  p.  134). 

In  the  selection  of  the  tube  it  is  necessary  that  it  be  capillary, 
that  is  to  say,  a  tube  having  an  extremely  small  bore,  and  that 
the  bore  shoiUd  be  of  uniform  magnitude  throughout  its  entire 


lo    GENERAL  EFFECTS  OF  HEAT  UPON  BODIES. 


length.  The  smaUness  of  the  bore  is  essential  to  the  sensibility 
of  the  instrument,  as  already  explained  ;  and  its  uniformity  is 
necessary  in  order  that  the  same  change  of  volume  of  the  mer- 
cury should  correspond  to  the  same  length  of  the  column  in 
every  part  of  the  tube. 

The  uniformity  of  the  bore  of  the  tube  may  be  tested  by 
letting  into  it  a  small  drop  of  mercury,  sufficient  to  fill  about  a 
third  of  an  inch  of  the  tube.  Let  this  be  made  to  fall  gradually 
through  the  entire  length  of  the  tube,  stopping  its  motion  at 
intervals,  and  let  the  space  it  occupies  at  different  parts  of  the 
tube  be  measured.  If  this  space  be  everywhere  approximately 
the  same,  the  bore  is  uniform  ;  if  not,  the  tube  must  be  rejected. 
The  bulb,  whether  spherical  or  cylindrical,  can  be  formed  upon 
the  end  of  the  tube  by  the  ordinary  process  of  glass  blowing. 
The  sensibility  of  the  thermometer  requires  that  the  capacity  of 
the  bulb  should  bear  a  large  proportion  to  the  calibre  of  the 

tube.  If,  however,  the  ^capacity  of 
the  bulb  be  considerable,  the  quantity 
of  mercury  it  contains  may  be  so 
great  that  it  will  not  be  affected  by 
the  temperature  of  the  surrounding 
medium  with  sufficient  promptitude. 

A  cylindrical  bulb  of  the  same 
capacity  will  be  more  readily  affected 
by  the  temperature  of  the  surrounding 
medium  than  a  spherical  bulb,  since  it 
will  expose  a  greater  surface,  although 
it  contains  an  equal  quantity  of  mer- 
cury. 

The  glass  of  which  the  bulb  is 
formed  should  be  as  thin  as  is  com- 
patible with  the  necessary  strength,  in 
order  that  the  heat  may  pass  more 
freely  from  the  external  mediimi  to  the 
mercury. 

The  tube  to  be  filled  is  represented 

in^.  I.    c  is  a  reservoir  formed  at  the 

top  for  the  purpose  of  filling  it,  which 

is  to  be  afterwards  detached.     Let  the 

tube  be  first  dried  by  holding  it  over 

the  flame   of  a  spirit-lamp,  so  as  to 

evaporate  and  expel  any  moisture  which  may  be  attached  to 

the  inner  surface  of  the  glass.      To  fill  it,  let  a  quantity  of 

puTi£ed  mercury  be  poured  into  the  reservoir  c.     This  will  not 


Fig.  I. 
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fall  through  the  bore,  partly  being  prevented  by  the  air  in- 
cluded in  the  reservoir  a  b  and  in  the  tube,  and  partly  because 
the  mercury  requires  a  certain  pressure  from  without  to  enter 
so  narrow  a  tube.  To  expel  the  air,  and  cause  the  mercury  to 
take  its  place,  let  the  tube  be  placed  in  an  inclined  position 
over  a  charcoal  fire  or  the  flame  of  a  spirit-lamp,  so  that  the  air 
shall  be  heated.  When  heated  the  air  will  expand,  force  itself 
in  bubbles  through  the  mercury  in  c,  and  escape  into  the  atmo- 
sphere. This  will  continue  until  nearly  all  the  air  in  the  bulb 
and  tube  has  been  expelled.  After  the  interior  of  the  tube  and 
bulb  has  been  allowed  to  become  cool  again,  the  pressure  of  the 
atmosphere  acting  on  the  mercury  in  c  will  then  force  it  through 
the  tube  into  the  bulb  a  b,  which,  as  well  as  the  entire  length  of 
the  tube,  it  will  ultimately  fill,  the  operation  of  alternately 
heating  and  cooling  being  repeated  a  requisite  number  of  times. 
K  a  sufficient  quantity  of  mercury  be  supplied  to  the  reservoir 
c,  the  bulb  a  b,  the  tube,  and  a  part  of  the  reservoir  c,  will  be 
filled  with  mercury  after  all  the  air  has  been  expelled. 

When  this  has  been  accomplished,  let  the  tube  be  removed 
from  the  source  of  heat,  and  allowed  gradually  to  cool.  A  file 
applied  at  c,  where  the  top  of  the  tube  is  joined  to  the  superior 
reservoir,  detaches  that  reservoir  from  the  tube,  which  remains 
with  the  bulb  a  b  completely  filled  with  mercury. 

In  this  state  the  instrument  would  give  no  indication  of 
change  of  temperature,  no  space  being  left  for  exhibiting  the 
play  of  the  mercury  by  dilatation  and  contraction. 

To  obtain  space  for  this,  let  the  bulb  a  b  be  exposed  to  a 
temperature  higher  than  any  which  the  instrument  is  intended 
to  indicate.  The  mercury  dilating  will  then  overflow,  and  will 
continue  to  overflow  until  it  acquires  the  extreme  temperature 
to  which  it  is  exposed. 


Let  now  the  jet  of  a  flame  be  directed  by  a  blow-pipe  upon  c 
so  as  to  close  that  end,  fig.  2.  The  instrument  being  then  allowed 
to  cool,  the  mercurial  column  will  subside,  until  the  mercury 
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has  assumed  that  st-ate  which  corresponds  to  the  temperature  of 
the  air  surrounding  the  instrument. 

19.  Tlie  grraduatlon  of  tlie  thermometer.— The  variation 
of  the  height  of  the  mercurial  column  in  such  a  tube  will  in  aU 
cases  correspond  with  the  changes  of  temperature  incidental  to 
the  surrounding  medium  ;  but,  in  order  that  it  may  supply  a 
numerical  expression  and  measure  of  such  changes,  a  scale  must 
be  attached  to  the  tube,  by  which  the  variations  of  the  column 
may  be  indicated,  and  the  divisions  of  the  units  of  such  scale 
must  correspond  to  some  known  change  of  temperature.  It  is 
evident  that  such  a  scale,  like  all  other  standards  for  the  nume- 
rical measure  of  physical  effects,  must  be  to  some  extent  arbi- 
trary. We  accordingly  find  different  scales  and  different  ther- 
mometric  units  prevailing  in  different  countries,  and  even  in  the 
same  country  at  different  times. 

Whatever  thermometric  unit  be  adopted,  it  is  necessary  that 
two  standard  temperatures  be  selected,  to  which  the  mercury  can 
be  reduced  at  the  times  and  places  where  thermometers  may  be 
required  to  be  constructed  or  verified.  The  instrument  being 
exposed  to  these  two  temperatures,  the  points  at  which  the  mer- 
curial column  stands  are  marked  upon  the  scale.  The  space  upon 
the  scale  between  these  points  is  thus  divided  into  a  certain 
number  of  equal  parts,  which  are  called  degrees,  these  degi*ees 
being  the  thermometric  units.  The  same  divisions  are  then 
continued  upon  the  scale  above  the  higher  and  below  the  lower 
standard  point,  and  such  divisions  may  be  continued  indefinitely. 
The  scale  is  then  complete. 

In  this  process,  the  number  of  equal  parts  into  which  the 
space  between  the  standard  points  is  divided  is  altogether 
arbitrary. 

It  now  remains  to  number  the  scale  ;  and,  for  this  purpose, 
a  zero  point  must  be  selected.  If  there  existed  a  minor  limit  to 
temperature, — a  temperature  below  which  no  body  could  possibly 
fall, — then  such  a  temperature  would  supply  a  natural  absolute 
thermometric  zero,  and  the  scale  might  be  numbered  upwards 
from  it.  In  that  case,  although  the  thermometric  unit  would 
still  remain  arbitraiy,  the  zero  of  the  scale  would  not  be  so. 
But  no  such  natural  thermometric  zero  exists ;  as  far  as  experi- 
mental research  extends,  there  is  no  natural  limit  either  to  the 
increase  or  diminution  of  temperature.  The  reader  will,  how- 
ever, find  as  he  goes  on,  that  a  certain  very  low  temperature 
has  for  valid  reasons  been  adopted  as  the  absolute  zero  of 
temperature. 

20.   The  AxeCL  points  of  tlie  scale. — It  follows  from  what 
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has  been  said  that  the  zero  of   the  thermoiiietric  scale,  like  the 
thennometric  xcale  itself,  must  be  arbitrary. 

Thermal  phenomena  present  great  varieties  of  itanilttrd  tent- 
peratures,  by  which  thennometric  scales  may  be  estalilished, 
and  which  may  serve  equally  as  terms  uf  temperature  for  the 
purpose  of  distinguishing  the  indications  of  thennomet«TS  c»n- 
atnicted  at  different  timea  and  placea.  ThiiN,  the  tem]>eratiires 
at  which  all  aolid  bodies  fiiae,  and  those  at  which  all  liquids  con- 
geal, are  fixed.  For  different  bodies  these  ore  different,  but 
always  the  same  for  the  same  body.  In  like  manner,  the  tem- 
peraturea  at  which  all  liquids  boil  nnder  a  given  pressure  are 
invariable  fur  the  same  liquids,  though  different  for  different 

Now  any  two  of  these  varioua  temperatures  naturally  fixed 
might  be  taken  as  the  thennometric  st^mdards,  the  choice  being 
altogether  arbitrary.  Thus,  it  appeara  that  the  aritlimetlcal 
division  of  the  scale,  and  consequently  the  thennometric  unit, 
the  piiaition  of  ita  zero,  and,  in  fine,  t)ie  standard  temperaturea 
by  tvhich  alone  the  indication  of  different  thermometers  can 
be  rendered  comparable,  are  severally  arbitrary.  Unanimity, 
nevertheless,  has  prevailed  in  the  selection  of  standard  tem- 
peratures. The  temperature  at  which 
ice  melts,  and  that  at  which  pure 
water  boils  (or  more  correctly  tl>e  tem- 
perature of  steam  at  an  atmospheric 
pressure  of  29922  inches  of  mercurj- 
in  the  latitude  of  45°,  at  the  sea-level, 
corresponding  (rf  Londun  to  a  pressure 
of  2g'905  inches  of  mercury,  reduced 
to  the  freezing  point),  have  been 
adopted  as  the  two  temperatures  with 
reference  to  which  thennometric  scales 
are  constructed. 

21.  BxperlmoDtal  detarmiDBtlon 
«r  tbe  fixed  polnta. — The  bulb  and 
tube,  as  already  described,  being  filled 
with  pure  mercury,  tbe  instrument  is 
immersed  successively  in  melting  ice, 
and  steam  issuing  from  boiling  water, 
and  the  point*  at  which  the  mercurial 
column  stands  in  each  case  are  marked  ^"  '* 

upon  the  tube  or  upon  a  blank  scale  attached  to  it.     The  former 
is  the  fitea^uf  point,  the  latter  the  boiling  point. 

To    determine  the   freezing  point,  the  bulb  and  tube  are 
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placed  in  a  Teasel  of  sufficient  depth,  such  as  t1iat  shown  in 
jig.  3,  and  surrounded  with  pounded  ici;,  a.  hole  being  left  in 
the  bottom,  from  which  the  water  proceeding  from  .the  fusion 
of  the  ice  is  discharged.  By  this  arrangement,  the  entire 
quantity  of  mercury  included  in  the  bulb  and  tube  must  neces- 
sarily he  reduced  its  the  exact  temperature  of  melting  ice.  When 
the  summit  of  the  mercurial  column  in  the  tube  is  observed  to 
become   stationary,  its  position  is  marked  on  the  glass  hy  a 


diam  md  point  This  will  be,  therefore,  the  freezing  point  of 
the  thermometer 

To  determine  the  boiling  point,  the  thermometer  is  in  like 
maJiner  immersed  in  a  reservoir  of  st^am,  proceeding  from  boil- 
ing water  when  the  barometer  stands  at  29  "90;  inches. 

The  manner  m  »hic1i  this  process  is  conducted  is  shown  in 
Jtg  4,  where  n  u  the  boiler  placed  over  a  charcoal  furnace  p, 
shown  m  section  m  ^  5.  From  the  top  of  the  boiler  a  tube 
proceeds,  open  at  the  top,  which  is  enveloped  by  another,  i, 
closed  at  the  top  and  soldered  at  the  bottom  to  the  top  of  the 
boiler.  In  the  external  tube  01  jacket  a  there  are  three  openings, 
in  one  of  which,  m,,  the  tube  of  the  thermometer  t  is  inserted. 
In  another,  a  mercurial  gauge  o  h,  and,  in  the  third  a  discharge 
tube,  c  B 19  inserted.     When  the  water  boils,  the  steam  rises. 
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surrounding  the  bulb  and  tube,  and,  descending  between  the 
two  tubes,  issues  from  the  discharge  pipe  b.  If  the  steam  be 
generated  too  rapidly  in  the  boiler,  it  will  press  on  the  mercury 
in  the  gauge,  which  will  then  stand  at  a  higher  level  n  in  the 
ascending  than  in  the  descending  leg.  In  that  case,  the  pressure 
of  the  steam  will  be  greater  than  that  of  the  atmosphere,  and 
the  force  of  the  furnace  must  be  moderated  until  the  level  of 
the  mercury  in  the  two  legs  of  the  gauge  coincide,  when  the 
pressure  of  the  steam  will  be  exactly  equal  to  that  of  the 
atmosphere. 

22.  Tlie  barometrical  correction  of  tbe  boiling  point. — 
It  will  be  explained  hereafter  that  the  temperature  of  a  boiling 
liquid  rises  or  falls  with  every  increase  or  decrease  of  the  height 
of  the  barometric  column.  This  is  the  reason  why  it  is  neces- 
sary (as  in  Article  20),  that  in  fixing  the  conventional  standard 
of  the  boiling  point,  the  corresponding  height  of  tlie  barometer 
must  be  stated  at  the  same  time,  such  conventional  height  being 
usually  the  average  height  of  the  barometer  at  the  level  of  the 
sea.  It  follows  from  this,  that  if  the  boiling-point  of  any  ther- 
mometer be  experimentally  determined  in  London  at  any  time 
when  the  barometric  column  is  less  or  greater  than  the  stan- 
dard height  of  29*905  inches,  a  correction  will  have  to  be  applied, 
the  nature  of  which  will  appear  from  an  inspection  of  the  follow- 
ing table  : — 

Temperature  of  steam  at  different  pressures. 


PresRure  in 

Temperature 

Inches  of  Mercury 

at  32°  Fahr. 

211 'O 

1 
29315 

211*1 

29374 

211*2 

29*432 

211*3 

29*491 

211*4 

29*550 

211-5 

29*609 

21 1 -6 

29*668 

211*7 

29*727 

211*8 

29*786 

211*9 

29-845 

Temperature 


Prtssure  in 
Indies  of  Mercury  j 
at  32^  Fahr, 


212*0 
212*1 
212*2 

212*3 
212*4 
212*5 
212*6 
212*7 
212*8 
212*9 


29-905 

29  "964 
30024 
30083 

30  143 
30-203 

30-263 

3o"323 
30*384 
30444 


Thus,  for  example,  if  a  thermometer  were  immersed  in  steam, 
when  the  barometer  indicates  a  pressure  of  30*384  inches,  the 
top  of  the  mercury  should  be  marked  212*8°,  and  not  212°,  and 
similarly  for  other  pressures.  This  correction  is  treated  more 
in  detail  in  Article  29. 
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23.  Bifferent  thermometrlc  scales.  —  Very  little  unani- 
mity has  prevailed  either  as  respects  the  unit  or  the  zero  of  the 
thermometric  scale.  In  England,  Holland,  North  America,  and 
the  British  Colonies,  the  interval  between  the  freezing  and  boil- 
ing points  h  divided  into  180  equal  parts,  each  part  represent- 
ing the  thermometric  unit.  The  scale  is  continued  by  equal  divi- 
sions above  the  boiling  and  below  the  freezing  points.  The  zero 
is  placed  at  the  thirty-second  division  below  the  freezing  point ; 
so  that,  on  this  scale,  the  freezing  point  is  32°,  and  the  boiling 
point  32°  +  180  =  212°.  This  scale  is  known  as  Fahrenheit s^  and 
was  adopted  about  1724. 

The  reason  for  fixing  the  zero  of  the  scale  at  32°  below  the 
freezing  point  was,  that  that  point  indicated  a  temperature  which 
was  at  that  time  believed  to  be  the  natural  zero  of  temperature, 
or  the  greatest  degree  of  cold  which  could  exist,  being  the  most 
intense  cold  which  had  been  observed  in  Iceland.  When  the  in- 
strument stood  at  the  greatest  cold  of  Iceland,  or  o  degree,  it 
was  computed  to  contain  1 1 , 1 24  equal  parts  of  mercury,  which 
when  plunged  in  melting  snow,  expanded  to  1 1,156  parts ;  hence 
the  intermediate  space  was  divided  into  32  equal  portions,  and 
32  was  taken  as  the  freezing  point  of  water.  When  the  thermo- 
meter was  plunged  in  boiling  water,  the  mercury  was  expanded 
to  1 1,336,  and  therefore  212°  was  marked  at  the  boiling  point  of 
that  liquid.  Thus,  in  practice,  Fahrenheit  determined  the  divi- 
sions of  his  scale  from  two  fixed  points — the  freezing  and  boiling 
of  water  ;  while  in  theory  the  expansion  of  a  given  portion  of 
mercury  was  determined. 

We  shall  see  hereafter  that  much  lower  temperatures,  natural 
and  artificial,  have  been  since  observed.  Moreover,  the  division 
of  the  interval  between  the  freezing  and  boiling  points  into  1 80 
equal  parts  was  founded  upon  an  inexact  supposition  or  experi- 
mental determination  connected  with  the  dilatation  of  mercury. 

The  divisions  of  this  scale  are  continued  in  the  same  manner 
below  zero,  such  divisions  being  considered  negative,  and  ex- 
pressed by  the  negative  sign  prefixed  to  them.  Thus,  +32° 
signifies  32°  above  zero,  but  —  32°  signifies  32°  below  zero. 

In  France,  Sweden,  and  some  other  parts  of  Europe,  the  cen- 
tigrade scale  prevails. 

In  this  scale  the  interval  between  the  freezing  and  boiling 
points  is  divided  in  100  equal  parts,  and  the  zero  is  placed  at 
the  freezing  point. 

In  Germany  Beaumur^s  scale  is  used,  in  which  the  interval 
between  the  freezing  and  boiling  points  is  divided  inter  eighty 
equal  porta,  the  zero  being  placed  at  the  freezing  point. 
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34.  OompamitlTe  t*bl»  of  the  Malao. — Since  the  nurabera 
of  degrees  into  which  the  interval  between  the  freezing  and  boil- 
ing point  is  divided  on  the  three  Bcalee  are  180,  icki,  and  So  re- 
spet^relf,  it  follows  that  9°  Fahrenheit,  5^  centigrade,  and  4° 
Reaumur  are  repiesenled  by  equal  lengths.  Hence  are  inferred 
the  following  rulea  : — 

T.  To  reduce  anj  number  of  Fahrenheit  degrees  to  an  equi- 
valent number  of  centigrade  or  Beaumur  degrees,  divide  by  9, 
and  multiply  by  5  for  centigrade,  and  by  4  for  Reaumur. 

II.  To  reduce  any  number  of  centigrade. degrees  to  on  equi- 
valent number  of  Fahrenheit  or  Reaumur,  divide  by  5 ,  and  mul- 
tiply by  9  for  Fahrenheit,  and  by  4  tor  Reaumur. 

III.  To  reduce  any  number  of  Reaumur  degrees  to  an  equi- 
valent number  of  Fahrenheit  or  centigrade,  divide  by  4,  and 
multiply  by  9  for  Fahrenheit,  and  by  5  for  centigrade. 

By  these  niles  we  may  find  for  any  given  number  of  degrees 
of  one  scale  the  coireaponding  equivident  number  of  degrees  of 
the  two  other  scales.  But  in  order  to  convert  the  readitig  of 
any  of  the  three  scales  into  the  corresponding  reading  of  the 
two  others,  we  must  employ  the  following  formulae,  in  which  ( 
is  the  number  of  degrees  read  off  on  any  thermometer,  and  F, 
C,  R,  stand  for  the  scales  cd  Fahrenheit,  Celsius  (centigrade), 
and  Beaumur,  respectively : 


-  l(*-32)  -  l('-32) 

-  *  =  I  t 
~  i   t  -       t 


By  the  following  table,  computed  by  the  above  formnhe,  the 
corresponding  temperatures  on  these  scales  may  be  found  : — 
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The  centigrade  scale  haa  gradually  been  more  and  more  in- 
troduced into  scieuti£c  works,  and  will  chiefly  be  made  use  of  in 
the  present  treatise. 

25.  Preoftntton*  In  tbe  oamtmetlan  of  ft  tbermometer. — 

Various  points  of  importance  must  be  attended  to,  besides  the 
barometric  correction,  in  order  to  render  a  mercurial  thermo- 
meter a  trustworthy  instrument  for  mea«iiring  temperature.  In 
the  first  instance,  in  adopting  the  dilatation  of  mercury  as  a  mea- 
sure of  temperature,  it  is  assumed  that  equal  dilatations  of  this 
fluid  are  produced  by  equal  increroents  of  heat.  Now,  although 
it  is  certain  that  to  raise  a  given  quantity  of  mercury  from  the 
freezing  to  the  boiling  point  will  always  require  the  same  quan- 
tity of  heat,  it  does  not  follow  that  equal  increments  of  volume 
mil  correspond  to  equal  increments  of  heat  throughout  the  whole 
extent  of  the  thermometric  scale.  Thus,  although  the 'same  quan- 
tity of  heat  must  always  be  imparted  to  the  mercury  contained 
in  the  tube  to  raise  it  from  0°  to  100°,  it  may  happen  that  more 
or  less  heat  may  be  required  to  raise  it  from  0°  to  10°  than  from 
90°  to  100".  In  other  words,  the  dilatation  produced  by  equal 
increments  of  heat,  in  different  parts  of  the  scale,  might  be 
variable.  Experiments  conducted,  however,  under  all  the  con- 
ditions necessary  to  ensure  accurate  results,  have  proved  that 
mercury  is  almost  uniformly  dilated  between  the  freering  and 
boiling  points,  or  that  equal  increments  of  heat  imparted  to  it 
produce  equal  increments  of  volume.  The  same  nearly  uniform 
dilatation  prevails  to  a  considerable  extent  of  the  scale  above  the 
boiling  and  below  the  freezing  points ;  but  at  extreme  tempera- 
tures this  uniformity  of  expansion  ceases,  as  will  be  more  fully 
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Mercury  possesses,  besides  this  pretty  uniform  dilatation 
within  a  certain  range  of  temperature,  several  thermal  qualities 
which  render  it  a  suitable  and  convenient  fluid  for  common  ther- 
mometers. It  is  highly  sensitive  to  change  of  temperature,  dilating 
with  promptitude  by  the  same  increments  of  heat  with  great  n^gu- 
larity  and  through  a  considerable  range  of  temperature.  It  will 
be  shown  hereafter  that  a  smaller  quantity  of  heat  produces  in 
it  a  greater  dilatation  than  in  most  other  liquids.  It  freezes  at 
a  very  low  and  boils  at  a  very  high  temperature.  At  the  tempe- 
ratures which  are  not  near  these  extreme  limits,  it  expands  and 
contracts  with  considerable  uniformity. 

The  freezing  point  of  mercury  being  about  —  39°,  or  39^  below 
zero  on  the  centigrade  scale,  and  its  boiling  point  +  350*^,  the 
mercurial  thermometer  may  thus  be  employed  for  a  very  large 
range  of  temperature.  In  general  the  range  of  the  scale  of 
thermometers  is  determined  by  the  purpose  to  which  they  are  to 
be  applied.  Thus,  thermomeiers  intended  to  indicate  the  tem- 
perature of  dwelling-houses  need  not  range  above  or  below  the 
extreme  temperatures  of  the  air,  and  the  scale  does  not  usually 
extend  much  below  the  freezing  point  nor  above  100° ;  and  thus 
the  sensitiveness  of  the  instrument  may  be  increased,  since  a 
considerable  length  of  the  tube  may  represent  a  limited  range 
of  scale. 

26.  Changre  of  sero-polnt. — The  next  point  to  which  atten- 
tion must  be  paid  is  due  to  a  gradual  change  in  the  glass-tube 
of  the  thermometer.  It  has  been  found  that,  from  some  physical 
causes  which  are  not  yet  quite  satisfactorily  explained,  the  bulbs 
of  thermometers  are  liable  to  a  change  of  magnitude  after  the 
lapse  of  a  certain  time.  It  follows  from  this  that  a  thermometer, 
though  accurately  graduated  when  first  made,  may  become  at 
a  later  period  erroneous  in  its  indications  ;  for  a  diminution  of 
the  capacity  of  the  bulb  would  cause  the  standard  points  and 
all  other  temperatures  to  be  raised  upon  the  scale,  while  an  en- 
largement of  the  bulb  or  stem  would  cause  the  standard  points 
to  be  lowered. 

The  phenomena  actually  observed  are  of  the  following  nature  : 
— Firstf  if  a  thermometer  has  already  its  standard  points  cor- 
rectly marked,  and  is  first  plunged  in  boiling  water  and  inniie- 
diately  afterwards  in  melting  ice,  the  top  of  the  mercury  will  fall 
and  remain  stationary  below  the  original  zero-point  by  a  fraction 
of  a  degree,  and  the  instrument  will  not  recover  the  true  read- 
ing of  the  zero-point  until  a  week  or  two  afterwards.  In  this 
case  the  bulb  and  stem  have  expanded  by  the  immersion  in  boil- 
ing water,  but  they  do  not  immediately  contract  to  their  original 
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volume  when  cooled  again  by  the  ice.  It  appears  that  time  is 
required  for  the  return  to  the  previous  state,  and  it  follows  that 
the  zero-point  of  the  scale  should  always  be  determined  previous 
to  the  determination  of  the  boiling-point.  Second,  the  pressure 
of  the  atmosphere  appears  to  have  some  definite  influence  on 
the  internal  capacity  of  thermometers.  Systematic  experiments 
made  on  this  subject  by  the  editor  of  this  treatise  have  proved 
that  the  capacity  of  thermometers  is  increased  in  a  vacuum,  and 
that  the  reading  of  a  thermometer  under  the  receiver  of  an  air- 
pump  is  lower  by  a  constant  quantity  than  the  reading  of  the 
same  thermometer  when  under  the  pressure  of  the  air,  the  tem- 
perature being  in  both  cases  the  same.  A  vacuum-correction 
has  therefore  to  be  applied  to  the  indications  of  a  thermometer 
when  it  is  used  under  a  diminished  atmospheric  pressure.  Third, 
either  the  prolonged  effect  of  the  atmospheric  pressure  upon  the 
thin  glass  of  the  bulbs  of  thermometers,  or  the  fact  that  the  equi- 
librium of  the  particles  of  the  glass,  after  having  been  greatly 
disturbed  by  the  operation  of  boiling  the  mercury,  can  only  be 
very  gradually  restored  after  a  lapse  of  time,  seems  to  be  the 
cause  of  a  more  permanent  displacement  of  the  zero-point,  due 
to  a  steady  diminution  of  the  internal  capacity.  Thus,  if  a 
thermometer  which  has  been  correctly  graduated,  after  some 
years,  be  tested,  the  zero-i>oint  will  be  found  not  at  o°,  but  a 
fraction  of  a  degree  above  o°. 

Jt  follows  from  these  facts  that  whenever  a  thermometer  is  to 
be  used  for  purposes  requiring  much  precision,  it  ought  to  be 
verified  by  comparison  with  well- constructed  standard  instru- 
ments, or  its  fixed  points  should  be  again  determined  indepen- 
dently. 

27.  Standard  tbermometers. — A  thermometer,  having  once 
been  carefully  graduated,  may  be  used  as  a  standard  instru- 
ment, either  for  graduating  other  thermometers,  or  for  deter- 
mining any  errors  in  their  graduation.  To  graduate  a  thermome- 
ter by  means  of  such  a  standard,  it  is  only  necessary  to  expose 
the  two  instruments  to  the  same  varying  temperatures,  and  to 
mark  upon  the  blank  scale  of  that  which  is  to  be  graduated  two 
points  corresponding  to  any  two  temperatures  shown  by  the 
standard  thermometer,  and  then  to  divide  the  scale  accordingly. 

Thus,  for  example,  if  the  two  instruments  be  immersed  in 
warm  water,  and  the  column  of  the  standard  thermometer  be 
observed  to  indicate  the  temperature  of  80°,  let  the  point  at 
which  the  mercury  stands  in  the  other  thermometer  be  marked 
upon  its  scale. 

I^e^  the  two  inatruments  be  then  immersed  in  cold  water,  and 
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let  ns  suppose  that  the  standard  thermometer  indicates  10*^.  Let 
the  point  at  which  the  instrument  to  be  graduated  stands  be 
then  marked.  Let  the  inten^als  of  the  scale  between  these  two 
points,  thus  corresponding  to  the  temperatures  of  10^  and  80^,  be 
divided  into  seventy  equal  parts ;  each  part  will  be  a  degree 
in  the  scale,  which  may  be  continued  by  like  divisions  above  80° 
and  below  10°. 

-  In  accurate  thermometers  the  scale  is  marked  on  the  stem 
itself.  It  cannot  be  displaced,  and  as  glass  is  very  inexpansible, 
the  length  of  the  scale  remains  nearly  the  same.  The  graduation 
is  usually  effected  in  the  following  manner : — The  stem  is  covered 
with  a  thin  layer  of  wax,  and  the  divisions,  as  well  as  the  cor- 
responding numbers,  are  marked  with  a  steel  point.  The  ther- 
mometer is  then  exposed  for  about  ten  minutes  to  the  vapours 
of  hydrofluoric  acid,  which  has  the  property  of  attacking  glass. 
The  glass  is  thus  etched  where  the  wax  has  been  removed,  that 
is,  upon  the  marked  divisions  and  numbers. 

28.  Calibration* — It  is  further  necessary  in  a  good  thermo- 
meter that  the  tube  be  calibrated.  The  bore  of  a  glass-tube  is 
usually  not  everywhere  throughout  its  length  of  uniform  width. 
It  follows  that  if  the  distance  between  the  two  fixed  points  were 
divided  into  equal  portions  of  length,  the  degrees  would  not 
correspond  to  the  same  amount  of  dilatation  of  the  mercury 
where  the  tube  is  narrow  as  where  it  is  wide.  To  calibrate  a 
thermometer  means  measuring  its  width  at  short  intervals  all 
along  its  length.  This  is  done  by  detaching,  before  the  scale  is 
graduated,  a  small  quantity  of  mercury  from  the  remainder, 
and  moving  it  along  the  tube.  If  the  length  of  this  little 
column  remains  the  same  as  it  passes  along  the  tube,  the  bore  is 
uniform  ;  but  if  not,  that  is,  if  the  column  is  in  one  place  shorter 
or  longer  than  in  another  place,  the  divisions  of  the  scale  will 
have  to  be  made  respectively  shorter  or  longer  than  in  other 
portions  of  the  scale. 

29.  SSetliods  of  asoertainlngr  the  exact  boillngr  point. — 
The  normal  boiling  temperature  of  water  all  nations  have  tacitly 
agreed  to  fix  under  a  normal  barometric  pressure  of  29*922  inches 
of  mercury,  having  the  temperature  of  melting  ice,  in  the  lati- 
tude of  45°,  and  at  the  sea-level.  If  the  atmospheric  pressure 
at  the  time  or  place  of  graduating  a  thermometer  does  not  equal 
this,  the  boiling  temperature  will  be  higher  or  lower  according 
as  the  pressure  is  greater  or  less.  Hence  a  reading  must  be 
taken  of  a  trustworthy  barometer,  which  must  also  be  corrected 
for  errors  (see  *  Hydrostatics,'  page  134,  etc.)  and  tempera- 
ture, and  reduced  for  latitude,  in  order  to  compare  the  actual 
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atmospheric  pressure  at  the  time  with  the  assumed  normal 
pressure. 

The  Commiasioners  appointed  by  the  British  Government  to 
construct  standard  weights  and  measures,  decided  that  the  nor- 
mal boiling  point,  212°,  on  the  thermometer  should  represent 
the  temperature  of  steam  generated  under  an  atmospheric  pres- 
sure equal  in  inches  of  mercury,  at  the  temperature  of  freezing 
water,  to 

29*922  +  (cos  2  X  latitude  x  •0766)  +  ('00000179  x  height 

in  feet  above  the  sea-level). 

Hence  at  London,  lat.  51°  30'  N.,  we  deduce  29*905  as  the 
barometric  pressure  representing  the  normal  boiling  point  of 
water, — the  trifling  correction  due  to  height  being  neglected. 
If  then,  in  the  latitude  of  London,  the  barometric  pressure,  at 
the  time  of  fixing  the  boiling  point,  be  not  29*905  inches,  that 
point  will  be  higher  if  the  pressure  is  higher,  and  lower  if  the 
pressure  is  lower  than  29*905  inches.  Near  the  sea-level  about 
o*59  inch  of  such  difference  is  equivalent  to  1°  Fahrenheit  in  the 
boiling  point,  as  seen  from  the  little  table  in  Article  22.  If  the 
pressure  in  London  is  higher  or  lower  than  the  range  of  that 
table,  we  may  proceed  as  follows. 

Suppose  the  pressure  to  be  30*785  ;  then  we  have  the  follow- 
ing little  calculation  to  perform  : 


Observed  pressure 
Normal          ,, 

Difference  . 

.    30*785 
.     29*905 

•880 

o*59  :  0-88  ::  1°  : 
X  -  i°*5, 

:  X 

that  is,  the  water  boils  at  i°'5  above  the  normal  temperature,  so 
that  in  this  case  the  normal  temperature  to  be  placed  on  the 
scale,  VIZ.  212°,  must  be  i*'*5  lower  than  the  mark  made  on  the 
tube  at  the  height  at  which  the  mercury  was  stationary  under 
the  actual  circumstances,  while  that  mark  will  denote  a  tempera- 
ture of  213^*5. 

For  places  at  any  other  latitude,  and  altitude  above  the  level 
of  the  sea,  the  true  boiling  point  may  be  found  with  the  help  of 
the  following  two  small  tables,  and  the  rule  : 

Multiply  the  observed  atmospheric  pressure  by  the  factor 
due  to  latitude  in  Table  I.,  and  with  the  result  seek  the  tem- 
peraiyxre  in  Table  II. 
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TahUI. 

Tahh  IL 

LiUitnde 

Factor 

PreMure 

1 

Temperature          p^„„„ 

II 

1 

Temperature 
of  Vajjour 

Degrees 

Inchcf 

Degree!                Inches 

Degrees 

0 

o*99735 

14'934 

179 

22  036 

1^ 

5 

0-99739 

15-271 

180 

22-501 

10 

099751 

X5'6i4 

181 

22974 

199 

15 

099770 

15*963 

182 

23456 

200 

30 

099797 

16-318 

183 

23946 

20t 

25 

0*99830 

16-680 

184 

24*445 

202 

30 

099868 

17049 

185 

24-952 

203 

35 

0999x0 

17*425 

186 

25468 

204 

40 

0-99954 

17808 

187 

25*993 

205 

45 

1*00000 

18-197 

188 

26527 

206 

50 

1-00046 

18  594 

189 

27  '070 

207 

55 

1*00090 

18-998 

190 

27-623 

208 

60 

I  -00132 

19409 

191 

28-185 

209 

65 

1-00170 

19-828 

19a 

28-756 

210 

70 

I  '00203 

ao-254 

193 

29*335 

211 

75 

1-00230 

20-688 

194 

29-922 

212 

80 

1-00249 

21-129 

195 

30*515 

213 

21-578 

196 

31*115 

214 

When  the  pressure  does  not  exactly  correspond  to  those 
given  in  the  Table  II. ,  take  the  difference  between  it  and  the 
next  less  pressure  in  the  table  and  divide  this  difference  by  the 
next  less  and  next  greater  pressures.  The  quotient  will  be  the 
decimals  to  be  added  to  the  degree  opposite  to  the  next  less 
pressure. 

ThuS;  for  a  pressure  of  23*214  inches,  required  the  tempera- 
ture. 

Given    23*214  Next  greater    23*456 


Differences 


22*974 
•240 


Next  less 


and:?4o^ 
•482      ^ 

Temperature  opposite  next  less 

Add      . 

Temperature  required 


22*974 
H82 


199*0 
'S 

199*5 


Complete  example, — In  Liverpool,  lat.  53°  50'  N.,  the  barometer 
reading  29*876  inches,  its  attached  thermometer  55°  (see  further 
on,  on  the  temperature-correction  of  barometers),  and  the  cor- 
rection of  the  instrument  being  +  '015,  including  index  error, 
capillarity  and  capacity  (see  *  Hydrostatics,'  page  133,  Article 
104,  and  page  136,  Article  106),  what  temperature  should  be 
assigned  to  the  boiling  point  marked  on  the  thermometer  ? 
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Observed  barometer 
Correction 

Correction  for  temperature 

Reduced  reading 
Factor  from  Table  I. 


.     29*876 
+      •015 

29*891 

-      -074 

.     29-817 

1*00077 

208719 
208719 

29817 

Corrected  for  latitude  2983995909  «  29-84  inches. 

In  Table  II.,  29-84  gives  a  temperature,  after  completing 
the  above  interpolation,  of  211^.86. 

30.  8elf-refflsteriiiflr  tbennoineters. — ^It  is  sometimes 
needed,  in  the  absence  of  an  observer,  to  ascertain  the  varia- 
tions which  have  taken  place  in  a  thermometer,  or  rather  the 
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Fig.  6. 

limits  of  these  variations  within  a  given  time.  Thus,  heat 
being  apparently  the  most  effective  agent  in  producing  meteo- 
rological phenomena,  the  determination  of  the  highest  tempera- 
ture of  the  day,  and  the  lowest  during  the  night,  is  a  prime 
essential  for  forming  an  estimate  of  the  climate  of  any  place. 
To  observe  these  extremes  by  means  of  the  ordinary  thermo- 
meter would  be  impracticable,  from  the  constant  watchfulness 
which  would  be  necessary.  Hence  the  utility  and  importance  of 
<  self-recording '  thermometers  are  evident.  A  thermometer  con- 
structed to  register  the  highest  temperature  is  usually  called  a 
maxvmfMn  thermometer  ;  one  to  show  the  lowest  temperature  is 
^rmed  a  minimum  thermometer ;  and  if  made  to  record  both 
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eztremefl  of  tempeiktuTe  it  is  deaigiuted  ft 
mum  HitrmomeUr. 

The  iDBtrumeiita  deacribed  im  the  succeeding  Articles  are 
those  most  in  use. 

31.  Kallisrford'iaelf-reflordlartliermomMera. — Dr.John 
Rutherford  invented  a  maTimiim  and  also  a  i^^^^^_ 
roinimum  thermometer,  and  his  arrange- 
ment for  obtaining  a  complete  instrument  fur 
the  registration  of  both  extremes  consisted 
simply  in  mounting  a  maximum  thermometer 
and  ft  minimum  thermometer  upon  the  same 
frame  or  slab,  as  shown  in  jig.  6.  The  one, 
A,  contains  merciuy  ;  the  second,  B,  alcohol.  1 
In  the  tube  of  the  former  is  a  small  piece  of 
iron  wire  which  moves  in  it  freely,  being 
pushed  along  by  the  mercury  as  it  expands. 
When  the  tube  is  placed  in  the  vertical  posi- 
tion, with  the  mercurial  bulb  downwards, 
the  iron  wire  falls  upon  the  mercury  ;  and 
when  in  the  horizontal  position,  being 
pushed  to  the  right  by  the  expansion  of  the 
mercnry,  it  will  remun  at  the  most  extreme 
point  to  which  the  mercury  may  have  moved 
it,  and  will  not  follow  the  mercury  in  its 
contraction.  It  will  thus  remain  as  an  in- 
dication of  the  highest  temperature  to  which 
the  instrument  has  been  exposed. 

The  tube  of  the  alcohol  thermometer 
contains,  in  like  manner,  a  small  piece  of  ' 
coloured  glass,  having  a  knob  at  each  end  ; 
this  allows  the  alcohol  to  pass  it  freely  from 
right  to  left.  But  when  the  alcohol  con- 
tracts, and  moves  towards  the  bulb,  it  car- 
ries with  it  the  glass  index  b,  which,  conse- 
qoently,  remains  in  whatever  position  is 
given  to  it  when  the  thermometer  has  been 
exposed  to  the  lowest  temperature.  Thus, 
while  4  shows  the  nuKdnvivm,  b  shows  the  mi 
to  which  the  instrument  has  been  exposed. 

33.  Vetrettl  and  Sunbra'a  mBzimiu 
This  is  shown  in  Jig.  7,  and  consists  of  a  glass  tube  containing 
mercnry  fitted  on  an  engraved  scale.  The  part  of  the  thermo- 
meter tube  above  the  mercury  is  entirely  free  from  air ;  and 
at  point  A,  in  the  bend  above  the  bulb,  is  inserted  and  fixed 
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with  the  blow-pipe  a  small  piece  of  solid  glass  or  enamel  which 
acts  as  a  valve,  allowing  mercury  to  pass  on  one  side  of  it  when 
heat  is  applied,  but  not  allowing  it  to  return  when  the  thermo- 
meter cools.  When  mercury  has  been  once  made  to  pass  the 
contraction,  which  nothing  but  the  expansion  caused  by  heat  can 
effect,  and  has  risen  in  the  tube,  the  upper  end  of  the  colimin 
registers  the  maximum  temperature,  because  on  a  de- 
crease of  heat  the  contraction  of  mercury  takes  place 
below  the  he^id  in  the  tube,  leaving  the  whole  column 
of  mercury  in  the  tube  till  the  instrument  is  disturbed. 
To  return  the  mercury  to  the  bulb  it  must  be  removed 
from  its  support,  held  perpendicularly  with  the  bulb 
downward,  and  slightly  shaken. 

The  chief  recommendation  of  this  thermometer  is 
its  simplicity  of  construction,  enabling  it  to  be  used 
with  confidence  and  safety.  In  many  respects  it  may 
be  said  to  be  the  best  which  has  yet  been  constructed 
for  maximum  temperature. 

33.  \(ralferdiii's  mazlmum  tbermoineter. — ^This 
instrument  is  represented  in^.  8.  It  consists  of  a  tube 
at  the  top  of  which  is  a  small  reservoir  to  receive  the 
mercury,  which  overflows  by  expansion.  When  it  is  re- 
quired  to  prepare  the  instrument  for  use,  it  is  inverted, 
so  that  the  extremity  of  the  tube  will  be  immersed  in 
the  mercury  contained  in  the  upper  reservoir  then 
turned  downwards.  The  instrument  in  this  inverted 
position,  is  exposed  to  a  temperature  lower  than  any 
to  which  it  will  be  subject  in  the  observations  about 

ito  be  made.  The  instrument  is  then  restored  to  its 
proper  position,  when  the  tube  will  be  full  to  the  top. 
As  the  temperature  to  which  it  is  exposed  rises,  the 
mercury,  by  its  expansion,  is  forced  out  of  the  tube, 
and  discharged  from  its  point  into  the  upper  reser- 
voir ;  and  this  discharge  continues  until  the  tempera- 
ture reaches  its  maximum  height,  after  which  the 
mercury  contracts,  and  the  column  falls  in  the  tube. 
Fig.  8.  To  determine  the  highest  temperature  to  which 

the  instrument  has  been  exposed,  it  will  be  only  necessary  to 
compare  it  with  another  thermometer,  immersing  both  in  the 
same  bath,  until  the  colimm  rises  to  the  summit  of  the  tube. 
The  temperature  then  indicated  by  the  standard  thermometer 
will  be  that  to  which  the  thermometer  has  been  exposed. 

Walferdin  has  also   constructed  thermometers  to  register 
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the  minimum  temperature,  but  they  are  not  so  convenient  rs 
the  others  described  in  this  chapter. 

34.  Baadln's  aleoliol  mtntmnm  tliennoineter. — This  in- 
strument resembles  Rutherford's  thermometer  in  appearance  : 
its  indications  are  given  by  the  expansion  and  contraction  of 
alcohol,  and  its  minimum  temperature  is  likewise  registered  by  a 
glass  index  being  pulled  back  and  left  behind  by  the  alcohol,  as 
in  Rutherford's  instrument.  There  is,  however,  a  great  improve- 
ment in  Baudin's  instrument ;  for  whilst  Rutherford's  thermo- 
meter can  only  register  in  a  horizontal  position,  Baudin's  can 
be  used  either  horizontally  or  vertically,  as  necessity  may 
require.  This  important  change  is  effected  in  the  following 
manner  : — Instead  of  the  index  in  the  thermometer  being  loose 
and  free  to  nm  up  and  down  according  to  the  position  in  which 
the  instrument  is  held,  as  in  Rutherford's,  the  index  in  the  new 
instrument  is  made  to  fit  the  bore  of  the  tube  as  nearly  tight  as 
possible,  so  much  so  that  in  holding  the  thermometer  even  up- 
side down,  or  shaking  it,  the  index  will  not  shift  from  its  posi- 
tion. In  order  to  set  the  index,  there  is  introduced  behind  it 
a  piece  of  solid  glass,  about  one-and-a-half  inch  in  length,  which 
moves  freely  in  the  alcohol.  The  addition  of  the  weight  of  this 
piece  of  glass  on  the  top  of  the  index,  when  turned  upside  down, 
forces  the  index  down  to  the  edge  of  the  alcohol,  where  it  is 
left,  as  in  the  case  of  the  ordinary  Rutherford's  thermometer. 
The  instrument  is  then  ready  for  observation,  and  may  now  be 
hung  up  either  horizontally  or  vertically.  The  index,  although 
immovable  per  ae,  is  by  the  alcohol  drawn  back,  as  in  the  ordi- 
nary minimum,  and  its  indications  are  read  off  on  the  scale  from 
the  top  of  the  index. 

35.  Vegrrettl  and  Zambra**  mercurial  minimiun  tbermo- 
meters. — These  celebrated  makers  have  constructed  two  forms 
of  this  instrument.  The  one  represented  in  fig.  9  has  a 
cylindrical  bulb  of  large  size,  in  order  to  allow  the  internal 
diameter  of  the  tube  to  be  greater  than  that  generally  used  for 
thermometrical  purposes,  so  that  a  steel  index,  pointed  at  both 
ends,  may  move  freely  within  when  required.  In  use  the  ther- 
mometer is  suspended  perpendicularly  with  the  steel  index 
resting  on  the  surface  of  the  mercurial  column.  As  the  mercury 
in  the  cylinder  contracts  from  the  effect  of  cold,  that  in  the 
tube  descends,  and  the  index  by  its  own  weight  follows  it. 
When  the  mercury  expands  and  rises  in  the  tube,  it  presses 
the  index  on  one  side,  and  exerting  a  lateral  pressure  on  the 
needle,  it  jams  it  to  one  side  of  the  tube,  where  it  remains 
firmly  fixed,  leaving  the  upper  point  of  the  needle  indicating 
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the  nunimnni  temperature.     Te  extricate  the  needle  from  the 
mercury  s,  magnet  is  used. 

The  other  form  ia  represented  inj^.  lo. 
In  the  supplementaiT  tube  B  there  is  a  amall 
plug  of  platinum  wire  inserted.  When  the 
— ,  thermometer  is  inclined,  the 
mercury  flows  from  the  end 
of  the  tube  a  imtil  it  reaches 
the  plug  c  ;  there  it  stops 
consequents  of  the  ad- 
hesion of  the  mercury  to  the 
platinum,  and  it  then  indi- 
cates the  present  tempera- 
ture. On  a  decrease  of  tem- 
perature the  mercury  recedes 
in  the  long  or  indicating 
tube  A,  but  on  an  increase  it 
IS  in  the  short  tube  B, 
leaving  the  long  column  of 
mercury  indicating  the  mini- 
um temperature.  In  Jig. 
the  essential  'portion  of 
the  inatrument  is  shown  en- 

36.   Oasella'a  meronrlBl 
mlnlnuiin  tliomioiiieter. — 

The  general  form  and  ar- 
rangement of  this  instrument 
is  shown  ia  Jig.  12.  A  bent 
tube  with  large  bore,  a,  has 
at  the  end  a  kind  of  dia- 
phragm of  glass,  formed  by 
the  abrupt  jnnction  of  a 
small  chamber,  c,  the  inlet 
to  which  at  6  is  larger  than 
the  bore  of  the  indicating 
tube  ;  a  narrow  channel,  not 
^-  '■  shown  in  the  figure,  connects 

the  end  of  the  tube  a  at  &  with  the  chamber 

e.     Hence,  on  setting  the  thermometer,  an 

described  farther  on,  the  mercury  in  cooling 

withdraws  the  fluid  in  the  indicating  stem 

only ;  whilst  ou  its  expanding  with  heat, 

ih»  long  column  does  not  move,  the  increased  bulk  of  mercuij 
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finding  aD  eaaier  ptMt^  into  the  itiuUI  pear-shaped  chamber 
attached. 

To  set  the  inatnunent,  it  ia  placed  in  a  horizontal  position, 
with  the  back  plat«,  ij,  suspended  on  a  nail,  and  the  lower  i>art 
retting  on  a  hook,  c.  The  bulb  end  may 
now  be  gentlf  raised  or  lowered,  causing 
the  merotu;  to  flow  slowly  until  the  bent 
part,  a,  is  full  and  the  chamber,  b  c,  quite 
empty.  At  this  point  the  flow  of  luerciuy 
in  the  long  stem  of  the  tube  is  arrested, 
and  the  column  indicates  the  exact  tempera- 
ture of  the  bulb,  or  the  air,  at  the  time. 
On  an  increase  of  temperature  the  mercury 
will  expand  into  the  small  chamber,  b  c  ;  and 
a  return  of  cold  will  cause  its  recession  from 
thia  chamber  only,  until  it  reaches  the  dia- 
phragm, 6.  Any  further  diminution  of  heat 
withdraws  the  mercury  down  the  bore  to 
whatever  degree  the  dimi- 
nution of  temperature  may 
attain  ;  there  it  remains  until 
further  withdrawn,  or  till  le 
set  for  future  observation. 

37.  BIxe'*  aelf-reclstev- 
Isf  IlierinoDietaT. — This  in 
I  stniment,  which  is  shown  ii 
^  ^.    13,  consists   of  a  long 
cylindrical    bulb,   united   to 
a  tube  of    more   than  twice 
its  length,  bent  round  each 
side  of   it  in  the  form  of  a. 
syphon,  and  terminated    in 
a  smaller,  oval-shaped  bulb, 
U    \^y      I     The    lower    portion   of    the 
v^         1}     syphon  is   filled   with    mer- 
cury; the  long  bulb,  the  other 
'  '  parts  of  the  tube,  and  part  of  ^'  '^' 

the  small  bulb,  with  highly  rectified  alcohol.  A  steel  index 
move*  in  the  spirit  in  each  limb  of  the  syphon.  The  two  in- 
dices are  terminated  at  top  and  bottom  with  a  bead  of  glass 
to  enable  them  to  move  with  the  least  posaihle  friction,  and 
without  causing  separation  of  the  spirit,  or  allowing  mercury  to 
pass  easily.  They  would,  from  their  weight,  always  rest  upon 
the  mercury ;  but  each  haa  a  fine  hair  tied  to  its  upper  ex- 
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tremity  and  bent  against  the  interior  of  the  tube,  which  acts 
as  a  spring  with  sufficient  elasticity  to  keep  the  index  supported 
in  the  spirit  in  opposition  to  gravity. 

The  instrument  acts  as  follows  :  —  A  rise  of  temperature 
causes  the  spirit  in  the  long  tube  to  expand,  and  press  some  of 
the  mercury  into  the  other  Umb  of  the  syphon,  into  which  it 
rises  also  from  its  own  expansion,  and  carries  the  index  with  it 
until  the  greatest  temperature  is  attained.  The  lower  end  of 
this  index  then  indicates  upon  the  engraved  scale  the  maximum 
temperature.  As  the  temperature  falls  the  spirit  and  the  mer- 
cury contract,  and  in  returning  towards  the  bulb  the  second 
index  is  met  and  carried  up  by  the  mercury  until  the  lowest 
temperature  occurs,  when  it  is  left  to  indicate  upon  the  scale 
the  minimum  temperature.  The  limb  of  the  syphon  adjoin- 
ing the  bulb  requires,  therefore,  a  descending  scale  of  ther- 
mometric  degrees  ;  the  other  limb  an  ascending  scale.  The 
graduations  must  be  obtained  by  comparisons  with  a  standard 
thermometer  under  artificial  temperatures,  which  must  be  done 
very  carefully,  in  order  to  correct  for  the  inequality  in  the  bore 
of  the  tube,  and  the  irregular  expansion  of  the  alcohol.  The  in- 
stnunent  is  set  for  observation  by  bringing  the  indices  into  contact 
with  the  mercury  by  means  of  a  small  magnet,  which  attracts  the 
steel  through  the  glass,  so  that  it  is  readily  drawn  up  or  down. 

38.  Pliotogrrapliio  mode  of  regrlsteringr  temperatures. — 
A  much  more  complete  register  of  the  indications  of  a  thermo- 
meter, at  every  instant  during  any  period  of  time,  is  obtained  by 
means  of  photography.  A  sheet  of  sensitized  paper  is  mounted 
on  a  vertical  cylinder  just  behind  the  mercurial  column  in 
the  thermometer.  The  thermometer  is  also  in  a" vertical  po- 
sition, and  is  surrounded  by  a  cover  of  blackened  zinc,  with 
the  exception  of  a  narrow  vertical  slit  just  behind  the  mer- 
curial column.  A  strong  beam  of  light  from  a  lamp  or  gas 
flame  is  concentrated  by  a  cylindrical  lens,  and  if  the  ther- 
mometer were  completely  empty  of  mercury  this  beam  of  light 
would  pass  through  the  slit  in  the  cover  and  the  bore  of  the  in- 
strument without  hindrance,  and  a  bright  vertical  line  would 
thus  be  thrown  on  the  paper.  But  as  the  beam  of  light  is 
intercepted  by  the  mercury  in  the  tube,  which  for  this  purpose 
is  made  broad  and  flat,  only  the  portion  of  the  paper  above  the 
top  of  the  mercurial  column  receives  the  light,  and  is  photogra- 
phically affected.  The  cylinder  is  made  to  revolve  slowly  by 
clockwork,  and  if  the  mercury  stood  always  at  the  same  height 
the  boundary  between  the  blackened  and  the  reflected  parts  of 
the  paper  Trould  be  straight  and  horizontal,  in  consequence  of 
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the  horizontal  motion  of  the  paper  itself.  In  reality,  the  rising 
and  falling  of  the  mercury,  combined  with  the  horizontal  motion 
of  the  paper,  causes  the  line  of  separation  to  be  curved  or  wavy, 
and  the  height  of  the  curve  above  a  certain  line  of  reference  is 
a  measure  of  the  temperature  at  each  instant  during  the  time 
of  revolution  of  the  cylinder.  The  apparatus  is  usually  called 
a  fhermogi'aph, 

39.  Aloobol  tlieniioineters. — Since  mercury  freezes  at  -39°, 
it  cannot  be  used  at  temperatures  which  are  below  its  freezing 
point.  Thermometers  which  are  to  be  used  for  measuring  very 
low  temperatures  are,  therefore,  filled  with  alcohol,  no  degree  of 
cold  yet  observed  in  nature  or  attained  by  artificial  processes 
having  frozen  it.  The  alcohol  is  usually  coloured,  so  as  to  ren- 
der the  column  easily  observable  in  the  tube.  The  alcohol 
thermometer  cannot  be  used  for  temperatures  above  60°  or  65°, 
for  its  expansion,  like  that  of  other  liquids,  is  very  irregular  in 
IMX)portion  as  the  boiling  point  is  approached,  which  for  pure 
alcohol  is  about  78°.  The  alcohol  thermometer  is  usually  gra- 
duated by  comparing  it  with  a  mercurial  thermometer,  both 
thermometers  being  simultaneously  placed  in  the  same  condi- 
tions with  reference  to  temperature. 

40.  Air  tliennometers. — Atmospheric  air  is  an  excellent 
thermometric  fluid.  It  has  the  advantage  over  liquids  in  retain- 
ing its  gaseous  state  at  all  temperatures,  and  in  the  perfect 
ucdformity  of  its  dilatation  and  contraction. 

It  is  also  highly  sensitive,  indicating  changes  of  temperature 
with  great  promptitude.  Since,  however,  it  is  not  visible,  its 
expansion  and  contraction  must  be  rendered  observable  by  ex- 
pedients which  interfere  with  and  render  complicated  its  indi- 
cations. 

The  air  thermometer  of  Drebbel,  or,  according  to  some,  of 
Sanctorius,  is  represented  in^.  14. 

A  glass  tube,  a  b,  open  at  one  end,  and  having  a 
large  thin  bulb  c  at  the  other,  is  placed  with  its  open 
end  in  a  coloured  liquid,  so  that  the  air  contained  in 
the  tube  shall  have  a  less  pressure  than  the  atmo- 
sphere. A  column  of  the  liquid  will  therefore  be  sus- 
tained in  the  tube  a  b,  the  weight  of  which  will 
represent  the  difference  between  the  pressure  of  the 
external  air  and  the  air  enclosed  in  the  tube. 

If  the  bulb  o  be  exposed  to  a  varying  temperature, 
the  air  included  in  it  will  expand  and  contract,  and    ^^s- 14- 
will  cause  the  column  of  coloured  liquid  in  the  tube  a  b  to  rise 
and  fall,  thereby  indicating  the  chaises  of  temperature. 
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In  fig,  15  another  form  of  the  air  thermometer  is  shown. 
The  bulb  c  is  half  filled  with  air,  and  the  expansion  or 
contraction  of  the  latter  causes  the  coloured  liquid 
to  rise  or  fall  in  the  tube  a  b.  This  form  of  the 
air  thermometer  is  usually  called  AmcyiitorCs  ther- 
mometer. In  recent  times  more  accurate  instru- 
ments of  this  class  have  been  constructed,  which 
will  be  described  further  on. 

41.  Tbe  differential  tbermometer.  —  This 
instrument,  of  which  two  forms  are  represented  in 
Uga,  16  and  17,  has  proved  of  the  greatest  use  in  phy- 
sical inquiries.  Leslie^ s  instrument,  fig.  16,  consists 
of  two  glass  bulbs,  a  and  b,  connected  by  a  rect- 
angular glass  tube.  In  the  lower  part  of  the  tube  a  small 
quantity  of  dilute  sulphuric  acid  coloured  with  litmus  is  placed  : 


Fig.  15. 


Fig.  16. 


Fig.  17. 


it  is  of  importance  to  use  a  liquid  which  does  not  give  off 
vapours  at  ordinary  temperatures,  and  dilute  sulphuric  acid 
fulfils  this  condition  very  satisfactorily.  Atmospheric  air  is 
contained  in  the  bulbs  and  tube,  separated  into  two  parts  by  the 
Hquid.  The  instrument  is  so  adjusted  that  when  the  liquid 
rises  to  the  same  level,  0,  on  both  sides,  the  air  in  the  bulbs  has 
the  same  pressure  ;  and,  having  equal  volumes,  the  quantities 
at  each  side  of  the  Hquid  are  necessarily  equal.  If  the  bulbs 
be  affected  by  different  temperatures,  the  liquid  will  be  pressed 
j&x>m  that  aide  at  which  the  temperature  is  greatest^  and  the 
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extent  cd  ita  departure  from  the  zero  or  level  is  indicattid  b j  the 

Th^  form  of  differential  thermometer  repreiiented  in  fiij.  1 7 
IB  sometimes  called  RumforiTi  theitnoaeope.  It  has  larger  bulbs 
than  Iieilift'fl  t'lermometer,  and  the  index,  o,  conaiBta  of  a  single 
drop  of  liquid.  If  the  bnlbs  are  both  of  the  same  temperature, 
and  the  index  is  in  the  middle,  the  z«ro  is  at  each  end  of  the 
horizontal  leg,  and  the  rest  of  the  graduation  rosts  on  the  same 
principle  as  in  Leslie's  thermometer,  that  ia,  one  of  the  bulbs 
being  raised  to  a  temperature  higher  than  the  other,  the  differ- 
ence is  marked  along  the  scale,  both  abore  and  below  zero,  and 
divided  into  equal  parts.  The  appendix  e  ia  intended  to  regu- 
late the  apparatus  ;  when  there  is  too  much  air  in  one  of  the 
bulbs,  the  index  is  passed  into  the  appendix,  so  that  air  can 
reach  the  other  bulb.  By  inclining  the  thermoscope,  the  index 
passes  out,  and  can  be  brought  to  occupy  its  proper  position 
after  a  few  trials. 

Its  extreme  sensitiveness,  in  Tirtne  of  which  it  indicates 
changes  of  temperature  too  minute  to  be  observed  by  common 
thermometers,  renders  it  extremely  valuable  as  an  instrument 
of  scientific  research. 

By  this  instrument,  changes  of  temperature  not  exceeding 
the  6,000th  part  of  a.  degree  are  rendered  sensible. 

42.  BreEiiaf  B  metklllo  tbennontetar. — This  instniment, 
founded  upon  the  unequal  dila- 
tation of  different  metala,  ia  re- 
presented in  fig,  18.  Three 
Tery  thin  strips,  of  platinum, 
gold,  and  silver,  being  aoldered 
face  to  face,  are  formed  into  a 
spiral  or  helix.  Having  fixed 
the  upper  extremity  of  this  to 
»  support,  a  light  needle  is 
attached  at  right  angles  to  the 
helix  at  the  lower  end.  Accord- 
ing as  the  metal  of  the  helix 
expands  and  contracts,  the  lower 
extremity  to  which  the  needle  is  ""■  "" 

attached  will  more  round  a  spiral,  and  the  needle  will  con- 
eeqnently  revolve  like  the  hand  of  a  watch.  A  graduated 
circle,  like  the  dial  of  a  watch,  is  placed  under  it  to  indicate  its 
motions.  The  silver,  which  is  the  most  dilatable  of  the  three 
metals,  forms  the  i:iner  face  of  the  helix,  and  the  platinum, 
which  is  the  least  dilatable,  the  out«r ;  the  gold  being  included 
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between  them.  When  the  temperature  rises,  the  silver  being 
more  dilated  than  the  platinum  or  gold,  the  helix  unrolls  itself  ; 
and  when  the  temperature  falls,  the  contrary  effect  takes  place. 
The  needle,  therefore,  in  the  two  cases  is  turned  in  contrary 
directions.  The  gold  is  placed  between  the  two  other  metals 
because,  having  an  intermediate  dilatability,  it  moderates  their 
mutual  effect.  K  two  metals  only  were  employed,  the  differ- 
ence of  the  dilatations  might  produce  a  rupture. 

This  thermometer  is  graduated  by  comparing  it  with  a  stan- 
dard thermometer. 

43.  Pyrometeps. — The  range  of  the  mercurial  thermometer 
being  limited  by  the  boiling  point  of  mercury,  higher  tempera- 
tures are  measured  by  the  expansion  of  solids,  whose  points  of 
fusion  are  at  a  very  elevated  part  of  the  thermometric  scale. 
The  solids  which  are  best  adapted  for  this  purpose  are  the  metals. 
Being  good  conductors,  these  are  promptly  affected  by  heat,  and 
their  indications  are  immediate,  constant,  and  regular. 

Instruments  adapted  for  the  indication  and  measurement  of 
this  high  range  of  temperature  are  called  pyrometers. 

To  graduate  a  pyrometer,  let  the  metallic  bar  be  immersed 
successively  in  melting  ice  and  boiling  water,  and  let  its  length 
at  these  temperatures  be  accurately  measured.  Their  difference 
being  divided  by  icx),  the  quotient  will  be  the  increment  of 
length  corresponding  to  one  degree  of  temperature ;  and  this 
increment  being  multiplied,  the  length  corresponding  to  any 
proposed  temperature  may  be  ascertained. 

Let  L®  express  the  length  of  the  bar  at  the  temperature  0°, 

Let  l'  express  its  length  at  the  temperature  loo^ 

Let  i  express  the  increase  of  length  corresponding  to  1°, 

We  shall  then  have 

i« . 

100 

If  L  express  in  general  the  length  of  the  bar  at  the  tempera- 
ture expressed  by  t,  we  shall  have 

L  =■  L°  +  i  X  T 

which  means  nothing  more  than  that  the  length  at  the  tempe- 
rature T  is  found  by  adding  to  the  length  at  the  temperature  0° 
as  many  times  the  increment  corresponding  to  1°  as  there  are 
degrees  in  t  above  0°. 

The  instrument  represented  in  Jig.  19  is  one  of  the  most 
simple  forms  of  pyrometer. 

A  rod  of  metal,  H,  is  in  contact  at  one  end  with  the  point  of 
a  screw,  g,  and  at  the  other  with  a  lever,  a,  near  its  fulcrum. 
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This  lever  is  connected  with  another  so  as  to  form  a  compound 
Bystem^  such  that  any  motion  imparted  by  the  rod  to  the  point 
on  the  lever  ▲  in  contact  with  it  is  augmented  in  a  high  ratio. 
A  lamp  placed  under  the  rod  H  raises  its  temperature  ;  and  as 
it  is  resisted  by  the  point  of  the  screw  g^  its  dilatation  must  take 
effect  against  the  lever  ▲,  which,  acting  on  the  second  lever  d, 
will  move  the  index  on  the  graduated  arc  a  b.  The  ratio  of  thi^ 
motion  to  that  of  the  end  of  the  bar  acting  on  the  lever  being 
known,  the  quantity  of  dilatation  may  be  calculated.  Thus  let 
us  suppose  that  the  lever  d  have  a  length  of  l^  inches,  and  is, 
for  the  sake  of  simplicity,  moved  only  by  one  small  lever  of 
length  {j,  against  which  the  heated  bar  is  pressing.  Further, 
let  the  angle  through  which  the  lever  d  moves  while  the  bar, 


Pig.  19. 


originally  of  length  L,  is  heated  from  t  degrees  to  t^  equal  Lj 
degrees  of  temperature,  be  tr,  and  the  length  of  the  expanded  bar 
at  the  temperature  /  equal  Lj.     Then  by  geometry,  we  have  : 


but 


or 


Length  of  arc  through  which  d  haa  moved  =  -2-- — , 


Lj  — L 


180 


: :  ^1  :  I2  (approximately), 


— L  «  ^1  '^^ 


180 


and  therefore  the  expansion  for  i* 


L,-L 


ll  irw 


t^-t    (<i-0i8o. 

44.  Wedgrewood's  Pyrometer. — It  is  foimd  that  the  paste 
formed  by  saturating  potter's  earth  with  water,  when  exposed  to 
high  temperatures,  instead  of  being  dilated,  like  other  solid 
bodies,  is  contracted.      This  apparent  exception  to  the  general 
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thermal  law  is  explained  by  the  fact  that  the  increase  of  tempe- 
rature evaporates  a  part  of  the  water  which  has  given  plasticity 
to  the  clay,  and  that  the  particles  of  the  clay  are  then  brought 
closer  together  by  their  natural  cohesion.  Whatever  be  the 
cause  by  which .  this  efl'ect  is  explained,  the  degree  of  contrac- 
tion produced  has  been  considered  sufSciently  regular  to  be 
taken  as  a  measure  of  thi:  temperature  to  which  the  paste  has 
been  exposed,  and  upoa  this  principle  Wedgewood's  pyrometer 

Three  'bars  of  copper,  each  6  inches  long,  are  fixed  upon  a 
plate  of  metal  in  juxtaposition,  as  shown  in  Jig.  20,  but  not 
exactly  parallel  The  edges  of  the  first  and  second  bar  at  one 
end  ate  exactly  ^  an  inch  asunder,  while  at  the  other  end  the 


distance  between  them  is  less  than  i  an  inch  by  I  line,  or  the 
I2th  of  an  inch.  In  like  manner,  the  edges  of  the  second  and 
third  bars  are  separated  by  a  space  less  than  J  an  inch  by  1  line 
at  one  end,  and  by  a  space  less  than  ^  an  inch  by  2  lines  at  the 
other  end. 

A  number  of  small  cylinders  of  potter's  earth,  exactly  i  an 
inch  in  diameter,  baked  in  an  oven  at  the  temperature  of  100° 
are  provided.  These  will,  therefore,  exactly  correspond  with 
the  interval  between  the  bars  of  the  pyrometer  at  their  widest 
end.  When  it  is  desired  to  ascertain,  for  example,  the  tempera- 
ture of  a  furnace,  one  of  these  cylinders  is  placed  in  it,  and  after 
its  temperature  has  been  elevated  to  that  of  the  furnace,  it  is 
withdrawn  and  allowed  to  cool ;  it  is  then  inserted  at  the  widest 
end  of  the  bars,  between  which  it  will  now  enter  in  consequence 
of  its  contraction.  It  is  advanced  between  them  as  far  as  it  will 
go,  as  shown  in  the  figure.  The  bars  being  graduated,  the  dis- 
tance through  which  it  advances  shows  the  extentof  its  contrac- 
tion, and  this  extent  is  taken  as  the  measure  of  the  temperature 
which  has  produced  it. 

These  instruments,  however,  give  results  which  are  attended 
tritb  several  causes  of  uncertainty,  the  principal  of  which  is,  that 
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tiie  extent  of  the  contraction  depends  not  only  on  the  tenipcra- 
tnre  to  which  the  cylinder  has  been  exposed,  but  to  the  length 
of  time  during  which  it  has  been  subject  to  that  tcintK;rature. 

45.  Brornlart*s  pyrometer. — M.  Brogniart,  while  director 
of  the  Porcelain  Manufactory  at  Sevres,  constnicteil  a  pyro- 
meter similar  in  principle  to  that  shown  at^.  19,  consisting  of 
a  bar  of  steel,  silver,  or  platinum,  placed  within  the  oven,  one 
end  being  fixed,  and  the  other  acting  upon  a  rod  of  tKircelain 
which  projects  &om  the  extremity  of  the  furnace  in  which  the 
apparatus  is  placed.  This  rod  presses  against  the  smaller  anus 
of  a  bent  lever,  the  longer  arm  of  which  moves  along  a  graduated 
arc.  In  proportion  as  the  metallic  bar  in  the  furnace  elongates 
by  increase  of  temperature,  it  presses  the  porcelain  rod  and 
moves  the  lever,  and  the  expansion  may  then  be  ea-sily  derived 
in  the  manner  shown  in  Art.  43. 

46.  aorda's  pjTometrlc  standard  measure. — The  stan- 
dards used  as  measures  of  length  for  ascertaining  distances  where 
great  accuracy  is  required,  such  as  in  measuring  the  bases  in 
geographical  surveys,  are  usually  rods  of  metal.  But  since 
these  are  subject  to  a  change  of  length  with  every  change  of 

p  P' 

Fig.  a  I. 

temperature,  it  woTild  follow  that  the  results  of  any  measure- 
ment made  by  them  would  be  attended  with  corresponding 
errors. 

For  the  common  purposes  of  domestic  and  commercial  eco- 
nomy, such  errors  are  too  trifling  to  be  worth  the  trouble  of 
correcting ;  but  this  is  not  the  case  when  they  are  applied  to 
scientific  purposes.  It  is  necessary  in  such  cases  to  observe 
the  temperature  of  the  rods  at  the  moment  each  measurement  is 
made. 

In  the  operation  by  which  the  great  arc  of  the  meridian  in 
France  was  measured,  a  very  beautiful  expedient  was  contrived 
by  Borda,  in  which  the  bar  itself  is  converted  into  a  thermo- 
meter which  indicates  its  own  temperature.  This  expedient 
was  again  rendered  available  for  the  series  of  experiments  made 
by  Dulong  and  Petit,  to  ascertain  the  dilatation  of  bodies  by 
heat. 

A  bar  of  platinum,  p  p',  fig.  21,  was  connected  at  one  extre- 
mity with  a  similar  bar  of  brass  b  b',  of  very  nearly  equal  length. 

The  two  bars,  being  screwed  or  riveted  together  at  the  extre- 
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mity  B,  were  free  at  every  other  point.  Near  the  extremity  p' 
of  the  bar  of  platinum,  and  immediately  under  the  extremity  b' 
of  the  brass  bar,  a  very  exact  scale  was  engraved,  the  divisions 
of  which  marked  the  millionth  part  of  the  entire  length  of  the 
rod.  The  extremity  b'  of  the  brass  bar  carried  an  index,  which 
moved  upon  the  divided  scale.  Over  the  point  of  this  was 
placed  a  microscope  m,  by  which  its  position  could  be  ascer- 
tained, and  by  which  the  divisions  of  the  scale  coTild  be  more 
exactly  read  off. 

If  the  two  bars,  p  p'  and  b  b',  were  equally  dilatable,  it  is 
evident  that  the  same  change  of  temperature  affecting  both 
would  make  no  change  in  the  position  of  the  index  ;  but,  brass 
being  more  dilatable  than  platinum,  the  index  pushed  by  the 
expansion  of  the  bar  B  b'  would  be  moved  towards  p'  through  a 
space  greater  than  that  by  which  the  bar  pp'  would  be  lengthened, 
and,  consequently  it  would  be  advanced  upon  the  scale  through 
a  space  equal  to  the  difference  between  the  dilatation  of  the  two 
bars. 

The  manner  of  graduating  the  scale  upon  p  p'  was  as  follows. 
The  compound  bar  being  submerged  in  a  bath  of  melting  ice,  the 
position  of  the  index  was  observed.  It  was  then  transferred  to 
a  bath  of  boiling  water,  when  the  position  of  the  index  was 
again  observed. 

The  interval  between  these  two  positions  being  divided  into 
ICO  equal  parts,  each  part  would  represent  one  degree  of  tem- 
perature ;  or,  if  such  division  were  too  minute  to 
be  practicable,  it  might  be  divided  into  a  less 
number  of  equal  parts,  as,  for  example,  20,  in 
which  case  each  division  would  correspond  to 
5^.  When  the  index,  as  most  frequently  happens, 
stands  between  two  divisions  of  the  scale,  it  is 
necessary  to  estimate  or  measure  its  distance 
from  one  of  these  divisions,  in  order  to  express 
its  exact  position.  This  is  accomplished  by  the 
contrivance  called  a  verfUery  which  has  been 
already  described  in  its  application  to  barometers 
(see  'Hydrostatics,'  page  138). 

47.  Tl&e  weigrbt  tbeniiameter. — ^This  is  a 

kind  of  pyrometer  which  differs  from  a  mercorial 

thermometer  in  having  no  scale  attached,  the 

temperature  to  be  ascertained  being  found  by 

It  consists,  as  shown  in  Jig.  32,  of  a  cylindrical 

dosed    at  one  end,   and  terminated    at  the 


Fig.  aa. 

calculation. 


glass    reservoir, 
otAer  by  m  short  capiUaiy  glass  tube,  which  is  so  bent  that 
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when  the  thermometer  is  placed  in  the  position  in  which  it 
is  to  be  nsed  its  open  end  points  vertically  downwards.  The 
mode  of  using  it  is  as  follows  :  The  thermometer  is  weighed 
while  empty,  and  the  reservoir  and  tube  are  then  completely 
filled  with  pure  mercury,  the  whole  of  the  air  being  carefully 
expelled  by  boiling,  and  allowing  the  instrument  to  cool  while 
the  open  end  of  the  capillary  tube  dips  under  the  surface  of 
the  mercury,  as  in  the  usual  process  of  filling  a  barometer  or 
thermometer.  By  surrounding  the  thermometer  with  melting 
ice,  the  instrument  itself,  as  well  as  the  mercUry  contained  in  it,  is 
brought  to  the  temperature  of  0°,  When  this  temperature  is 
reached  by  every  part  of  it,  the  vessel  of  mercury  is  removed  from 
under  the  open  end  of  the  capillary  tube  and  is  replaced  by  a  small 
weighed  capsule.  The  ice  is  now  removed,  and  the  outside  of 
the  thermometer  carefully  dried.  As  the  mercury  contained  in  it 
returns  to  the  temperature  of  the  air  (supposed  above  o^),  it 
expands,  and,  consequently,  some  of  it  escapes  by  the  capiUary 
tube  into  the  weighed  capsule.  The  thermometer,  and  the  cap- 
sule containing  the  mercury  which  has  escaped  from  it,  are  now 
placed  together  in  the  balance  and  weighed  ;  by  deducting  from 
the  gross  weight  so  obtained  the  weight  of  the  instnmient  when 
empty,  and  that  of  the  capsule,  we  obtain  the  weight,  w,  of  the 
quantity  of  mercury  which  fills  the  thermometer  at  0°. 

The  instrument  is  next  heated  to  100°,  by  immersing  it  in 
the  steam  of  boiling  water,  the  same  precautions  being  taken  as 
in  fixing  the  boiling  point  of  the  ordinary  graduated  thermo- 
meter, and  the  mercury  which  escapes  is  collected  in  the  weighed 
capsule  and  weighed.  Let  w  be  the  weight  of  the  whole  quan- 
tity of  mercury  which  escapes  from  the  thermometer  when  it  is 
heated  from  0°  to  100° ;  thus  the  coefficient  of  apparent  expan- 
sion (see  further  on,  Chapter  FV.)  of  the  mercury  contained  in 
the  thermometer  will  be 

9-7-^ —        .        .     (I). 

(w-it7)lOO  ^ 

Similarly,  if  Wt  be  the  weight  of  mercury  which  escapes  from 
the  thermometer  when  it  is  heated  to  any  other  temperature, 
t°y  which  it  is  required  to  determine,  we  have 

(w-ii;,)t  ^    ^ 

Hence  we  get  / r —  ■» . — r; 

^  (w-  w)ioo    (w -  w,)t 

or  t=i K— xioo 

w— tr,    w 
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The  value  of  S,  deducible  from  equation  (I)  was  found  by 
Dulong  and  Petit  (who  were  the  first  to  employ  the  weight 
thermometer)  to  be  equal  to  q~,  and  by  substituting  this  value 
in  equation  (11)  the  value  of  t  is  given  independently  of  the  pre- 
liminary experiment  above  described,  in  which  the  thermometer 
is  heated  to  ioo°. 

A  few  more  recent  forms  of  pyrometers  will  be  described 
further  on. 


CHAPTER  III. 

THE   EXPANSIOir  OF  SOLIDS. 


48.  Sxpansion  in  three  dimeiuiioiis. — Of  all  the  states  of 
aggregation  of  matter,  that  in  which  it  is  least  susceptible  of  dila- 
tation is  the  solid  state.  This  may  be  explained  by  the  energy 
of  the  cohesion  of  the  component  particles  of  the  body,  which 
is  the  characteristic  property  of  the  solid  state.  It  is  the  nature 
of  heat,  by  whatever  hypothesis  that  agency  can  be  explained, 
to  introduce  a  repulsive  force  among  the  molecules  of  the  body 
it  pervades.  In  solid  bodies  this  repulsive  force,  acting  against 
the  cohesive  force,  diminishes  the  tenacity  of  the  body.  The 
component  parts  have  a  tendency  to  separate  from  each  other, 
and  hence  arises  the  phenomenon  of  dilatation  ;  but  so  long  as 
the  body  preserves  the  character  of  solidity,  the  separation  of  the 
component  molecules  cannot  exceed  the  limits  of  the  play  of 
cohesion  ;  and  as  these  limits  are  very  small,  no  dilatation  which 
is  consistent  with  the  character  of  a  solid  can  be  considerable. 

If  a  solid  body  be  perfectly  homogeneous,  it  will  dilate  uni- 
formly throughout  its  entire  volume  for  an  uniform  elevation  of 
temperature.  Thus,  the  length,  breadth,  and  depth  will,  in 
general,  be  all  augmented  in  the  same  proportion. 

It  is  a  principle  of  geometry,  that  when  a  solid  body,  with- 
out undergoing  any  change  of  figure,  receives  a  small  increase 
of  magnitude,  its  increase  of  surface  will  be  twice,  and  its  in- 
crease of  volume  thrice,  the  increase  of  its  linear  dimensions. 
That  is  to  say,  if  its  length  be  augmented  by  a  thousandth  part 
of  its  primitive  length,  its  surface  will  be  augmented  by  two 
thousandth  parts  of  its  primitive  surface,  and  its  volume  by 
three  thousandth  parts  of  its  primitive  volume.  This  is  not 
true  in  a  strictly  mathematical  sense,  but  it  is  sufficiently  near 
the  truth  for  all  practical  purposes. 
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Thus,  let  us  take  a  square  surface,  of  which  each  side  mea- 
sures exactly  one  foot.  The  area  of  this  surface  will  be  one 
square  foot.  Suppose  now  that  each  side  expands  by  heat,  and 
that  it  measures  i  +  a  feet,  a  being  the  addition  to  its  previous 
length.     The  area  will  now  evidently  be 

(l  +  fl)  (l  +  a)  »  I  +  2  I  +  a'. 

Similarly,  if  we  take  the  volume  of  a  cube,  then  under  precisely 
the  same  suppositions  as  regards  the  magnitude  of  each  edge  as 
in  the  case  of  the  side  of  the  square,  we  shall  find  its  volume 
after  expansion  to  be 

(l  +  a)  (l  +  a)  (I  +  ri)  =  I  +  3a  +  3a'  +  a\ 

Now  in  each  of  these  cases  a  is  a  very  small  quantity,  and  the 
square  or  cube  is  still  less  than  this  quantity.  Neglecting  there- 
fore those  terms  which  contain  a'  and  a',  we  come  to  the  follow- 
ing general  principle :  Since  all  solid  bodies  of  uniform  structure, 
when  heated  or  cooled,  expand  or  contract,  without  change  of 
figure,  and  since,  while  the  change  of  their  linear  dimensions 
can  be  easily  and  exactly  ascertained,  that  of  their  surface  or 
volume  can  only  be  determined  with  considerable  difficulty  :  the 
changes  of  these  last  are  deduced  from  the  first  by  multiplying 
the  increment  of  linear  expansion  by  2  for  the  increment  of 
surface,  and  by  3  for  the  increment  of  volume. 

49.  Measure  of  tlie  force  of  dilatation. — The  force  with 
which  solid  bodies  dilate  and  contract  is  equal  to  that  which 
would  compress  them  through  a  space  equal  to  their  dilatation, 
and  to  that  which  would  stretch  them  through  a  space  equal  to 
the  amount  of  their  contraction.  Thus,  if  a  pillar  of  metal  one 
himdred  inches  in  height,  being  raised  in  temperature,  is  aug- 
mented in  height  by  a  quarter  of  an  inch,  the  force  with  which 
such  increase  of  height  is  produced  is  equal  to  a  weight  which 
being  placed  upon  the  top  of  the  pillar  would  compress  it  so  as 
to  diminish  its  height  by  a  quarter  of  an  inch. 

In  the  same  manner,  if  a  rod  of  metal  one  hundred  inches 
in  length  be  contracted  by  diminished  temperature  so  as  to 
render  its  length  a  quarter  of  an  inch  less,  the  force  with  which 
this  contraction  takes  place  is  equal  to  that  which  being  applied 
to  stretch  it  would  cause  its  length  to  be  increased  by  a  quarter 
of  an  inch. 

This  principle  is  often  practically  applied  in  cases  where  great 
mechanical  force  is  required  to  be  exerted  through  small  spaces. 
Thus,  in  cases  where  the  walls  of  a  building  have  been  thrown 
out  of  the  perpendicular,  either  by  the  unequal  subsidence  of 
the  foundation  or  by  the  incumbent  pressure  of  the  roof,  they 
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have  been  restored  to  the    perpendicular  by  the    following 
arrangement ; — 

A  series  of  iron  rods  are  carried  across  the  building,  passing 
through  holes  in  the  walls,  and  are  secured  by  nuts  on  the  out- 
side. The  alternate  bars  are  then  heated  by  lamps  until  they 
expand,  when  the  nuts,  which  are  thus  removed  to  some  dis- 
tance from  the  walls  by  the  increased  length  of  the  bars,  are 
screwed  up  so  as  to  be  in  close  contact  with  them.  The  lamps 
are  then  withdrawn,  and  the  bars  allowed  to  cool.  In  cooling 
they  gradually  contract,  and  the  walls  are  drawn  together  by 
the  nuts  through  a  space  equal  to  their  contraction.  Meanwhile, 
the  intermediate  bars  have  been  heated  and  expanded,  and  the 
nuts  screwed  up  as  before.  The  lamps  being  again  withdrawn 
and  transferred  to  the  first  set  of  bars,  the  second  set  are  con- 
tracted in  cooling,  and  the  walls  are  further  drawn  together. 
This  process  is  continually  repeated,  until  at  length  the  walls 
are  restored  to  their  perpendicular  position. 

In  all  cases  where  moulds  are  constructed  for  casting  objects 
in  metal,  the  moulds  must  be  made  larger  than  the  intended 
magnitude  of  the  object,  in  order  to  allow  for  its  contraction  in 
cooling.  Thus  the  moulds  for  casting  cannon  balls  must  always 
be  greater  than  the  calibre  of  the  gun,  since  the  magnitude  of 
the  mould  will  be  that  of  the  ball  when  the  metal  is  incandescent, 
and  therefore  greater  than  when  it  is  cold. 

Hoops  surrounding  water-vats,  tubs,  and  barrels,  and  other 
vessels  composed  of  staves,  and  the  tires  surrounding  wheels,  are 
put  on  in  close  contact  at  a  high  temperature,  and,  cooling,  they 
contract  and  bind  together  the  staves  or  fellies  with  greater  force 
than  could  be  conveniently  applied  by  any  mechanical  means. 

50.  Compensators. — In  all  structures  composed  of  metal, 
or  in  which  metal  is  used  in  combination  with  other  materials, 
such  as  roofs,  conservatories,  bridges,  railings,  pipes  for  the 
conveyance  of  gas  or  water,  rafters  for  flooring,  &c.,  compen- 
sating expedients  must  be  introduced,  to  allow  the  free  play  of 
the  metallic  bars  in  dilating  and  contracting  with  the  vicissitudes 
of  temperature  to  which  they  are  exposed  during  the  change 
of  seasons. 

Tkese  expedients  vary  with  the  way  in  which  the  metal  is 
applied,  and  with  the  character  of  the  structure.  Pipes  are 
generally  so  joined  from  place  to  place  as  to  be  capable  of  sliding 
one  within  another,  by  a  telescopic  joint.  The  successive  rails 
which  compose  a  line  of  railways  cannot  be  placed  end  to  end, 
but  space  must  be  left  between  their  extremities  for  dilatation. 
Sheet  lead  and  zinc,  both  of  which  metals  are  very  dilatable, 
wAen  used  to  cover  roofa,  where  they  are  especially  exposed  to 
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vicissitudes  of  temperature,  are  liable  to  blister  in  hot  weather 
by  expansion  and  to  crack  in  cold  weather  by  contraction,  unless 
expedients  are  adopted  to  obviate  this  :  zinc,  being  much  more 
dilatable  than  lead,  is  more  liable  to  these  objections. 

When  ornamental  furniture  is  inlaid  with  metal  without  pro- 
viding for  its  expansion,  the  metal,  being  more  dilatable  than  the 
wood,  is  liable,  in  a  small  room,  to  ex]>and  and  start  from  its  seat. 

Various  other  applications  of  these  principles  will  be  de- 
scribed in  future  articles. 

51.  Coefllolent  of  expansion. — It  is  found  that  solid  bodies 
in  general  suffer  a  nearly  uniform  rate  of  dilatation  through  a 
range  of  temperature  extending  from  the  zero-point  of  the  ther- 
mometer to  100  degrees  ;  that  is  to  say,  the  increments  of 
length,  to  speak  only  of  one  dimension,  which  attend  each  degree 
of  temperature  which  the  body  receives  are  equal.  If,  there- 
fore, the  entire  increment  of  length  which  such  a  body  under- 
goes when  it  is  heated  from  0°  to  100°  be  divided  by  100,  the 
quotient  will  be  the  increment  of  length  which  it  receives  when 
its  temperature  is  raised  one  degree.  If  we  suppose  that  the 
body  under  consideration  had  at  cP  the  unit  length,  that  is  a 
length  of  one  foot,  or  one  yard,  for  example,  then  the  quotient 
thus  obtained  will  give  us  the  increment  of  the  unit  length  when 
the  particular  substance  is  heated  from  0°  to  1°  ;  this  quantity  is 
called  the  coefficient  of  linear  dilatation  of  the  particular  substance. 

Similarly,  the  coefficient  of  cubical  dilatation  is  the'  increase 
of  the  unit  volume  of  a  substance,  say  a  cubic  yard,  or  a  cubic 
foot,  when  it  is  heated  from  0°  to  1°. 

When  solids  are  elevated  to  temperatures  much  above  100°, 
and  more  especially  when  they  approach  those  temperatures  at 
which  they  would  be  fixed  or  liquefied,  the  dilatations  are  not 
uniform.  As  the  temperature  is  raised,  the  rate  of  dilatation  is 
increased  ;  that  is  to  say,  a  greater  increment  of  volume  attends 
each  degree  of  temperature. 

52.  Sxperlmental  determination  of  the  coefficients  of 
expansion  of  solids. — Many  elaborate  and  ingenious  methods 
have  been  applied  by  physicists  to  the  determination  of  coefli- 
cients  of  linear  and  cubical  expansion  of  bodies.  One  of  the 
first  methods  applied  for  the  purpose  was  that  adopted  by 
Lavoisier  and  Laplace,  The  bar  a  b,  fig,  23,  whose  expansion  is 
to  be  determined,  has  one  end  fixed  at  a,  while  the  other  can 
move  freely,  pushing  before  it  the  lever  o  b,  which  is  movable 
about  the  point  o  and  carries  a  telescope  whose  line  of  sight  is 
directed  to  a  scale  at  some  distance.  It  is  evident  that  a  dis- 
placement B  B^  will  correspond  to  a  considerably  greater  length, 
0  &j  on  the  scale,  which  will  increase  with  the  diatance  of  the 
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scale  from  the  telescope.  The  ratio  of  c  c'  to  b  b^  is  equal  to  the 
ratio  of  o  c  to  o  b,  and  is  the  same  throughout  the  whole  course 
of  experiments.  In  order  to  determine  this  ratio  once  for  all, 
we  have  only  to  measure  the  distance  c  c'  on  the  'Scale  corre- 
sponding to  a  hwwn  displacement,  b  b'.  In  the  actual  experi- 
ments the  bar  of  which  the  expansion  is  to  be  measured  is 
placed  horizontally  in  a  trough,  which  rests  between  four  mas- 
sive uprights  of  hewn  stone.  One  of  the  extremities  of  the  bar 
rests  at  a  against  a  fixed  perpendicular  bar  firmly  joined  to  two 
of  the  uprights,  while  the  other  extremity  pushes  the  bar  b  so 
as  to  produce  the  rotation  of  an  horizontal  axis,  which  carries 
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Fig.  33. 

with  it  in  its  rotation  the  telescope  l  l,  which  is  directed  to  the 
scale.  The  first  step  is  to  surround  the  bar  with  melting  ice 
and  then  observe  the  number  on  the  scale  marked  by  the  line 
of  sight  of  the  telescope.  The  temperature  of  the  trough  is 
then  raised  and  the  corresponding  increase  of  length  is  mea- 
sured. 

Laplace  and  Lavoisier  discovered  by  these  experiments  that 
the  expansion  of  solids  is  sensibly  uniform  between  0°  and  100°  ; 
above  this  latter  point  it  increases  as  the  temperature  rises. 

53.  Roy  and  Ramsden's  metliod. — A  simpler  and  direct 

method  of  measuring  expansions  was  employed  by  Roy  and 

Ramsden.     The  apparatus  consists  of  three  troughs,  a,  b,  c,  in 

fig.  24,  of  which  the  first  and  last  contains  iron  bars,  while  the 

Huddle  one  contains  the  bar  of  which  the  dilatation  is  to  be 

measured.     To  the  two  extremities  of  the  iron  bar  contained  in 
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the  first  tronghy  the  eye-pieoes  of  two  microecopes  are  fixed,  the 
ohjeci  glaaaes  being  attached  to  the  correftX)<)nding  extremities 
of  the  bar  in  the  middle  trough.  These  microscopes  are  directed 
towards  two  marks  attached  to  the  extremities  of  the  iron  bar 
in  the  farther  trough,  o.  The  first  and  third  troughs  are  kept 
filled  with  melting  ice,  so  that  the  iron  bars  in  these  are  always 
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Fig.  24. 

of  the  same  temperature.  These  bars  are  permanently  fixed  at 
one  end  and  movable  through  a  collar  at  the  other.  The  points 
of  attachment. of  the  eye-pieces  of  the  two  microscopes  to  the 
first  bar  may  thus  be  regarded  as  rigidly  fixed ;  likewise  the 
points  of  attachment  of  the  two  marks  which  are  fastened  to 
the  extremities  of  the  iron  bar  in  the  third  trough,  inasmuch  as 
there  is  no  expai^on  or  contraction  of  these  two  bars  through 
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change  of  temperature.  On  the  other  hand,  the  bar  in  the 
middle  trough  is  first  of  all  placed  in  ice  and  afterwards  in  water 
which  is  heated  by  lamps  in  order  that  the  dilatation  of  this  bar 
may  be  measured.  This  middle  bar  rests  upon  rollers,  as  shown 
at  B  at  the  top  of  the  figure,  which  is  a  vertical  section  through 
the  length  of  the  middle  trough,  and  by  means  of  a  screw  on  the 
left  hand  (not  shown  in  the  figure)  the  leftrhand  end  of  the  bar 
is  always  kept  in  the  same  position.  At  o°  the  eye-pieces,  object 
glasses  and  marks  are  so  adjusted  in  position  that  the  optical 
axis  of  the  two  former  is  in  a  line  with  the  centre  of  the  marks  ; 
this  adjustment  is  made  by  means  of  wire  crosses  in  the  eye- 
pieces. Now,  when  expansion  takes  place,  the  right-hand  ex- 
tremity of  the  middle  bar,  and  consequently  the  object  glass 
attached  to  it,  moves  towards  the  right,  and  the  middle  of  the 
wire  cross  will  no  longer  coincide  with  the  mark.  It  may,  how- 
ever, be  brought  back  to  the  original  position  and  coincidence 
may  be  restored  by  means  of  a  micrometer  screw  on  the  right 
end,  which  moves  the  cross  and  allows  of  measuring  the  nimiber 
of  turns  and  fractional  parts  of  a  turn  through  which  it  was 
displaced  in  consequence  of  the  expansion  of  the  bar. 

54.  Table  of  Bxpansions.  —  In  the  following  table  are 
given  the  rates  of  linear  dilatation  of  solid  bodies  as  determined 
by  these  and  other  observers. 

LiNBAB  Expansion  op  Solids  by  Heat. 
Dimensions  which  a  bar  takes  at  a  100°  whose  length  at  0°  is  1*000000. 


Substance 


Glass  tube 


Plate  glass 
„    crown  glass 


» 

it 

„    rod 
Deal 
Platinnm 

»»         " 


ft 


„       and  glass 
Palladium 
Antimony 
Cast-iron  prism 
Cast-iron 
Steel    .     . 
Steel  rod  . 
Blistered  steel 

Steely  not  tempered 


M 


tt 


Observer 


Smeaton 

Roy 

Deluc's  mean     . 

Dulong  and  Petit 

Lavoider  and  Laplace 


\ 


Roy 
Roy 

Borda     . 
Dulong  and  Petit 
Tronghton 
Berthoud 
Wollastou 
Smeaton 
Roy 

Lavoisier,  by  Dr.  Young 
Troughton 
Roy 

*  Phil.  Trans.'  1 795 ,  p.  428 
Smeaton . 

Lavoisier  and  Laplace 
II  II 


•00083333 

•00077615 

•00082800 

'00086130 

'00081 166 

'000890890 

'00087572 

•00089760 

•00091751 

'00080787 

As  glass 

•00085655 

'00088420 

'00099180 

'ooi  10000 

'OOIOOOOO 

•00108300 
'001 10940 

'OOIZIIII 

'001 1 8990 
'OOZZ4470 
'OOI  1 2500 
'00115000 
'00107875 
'00x07956 


Expan- 
sion 


TITT 

ttVj 
nrnr 

ToSS 


11  «f 
TtsT 
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BMel,  Umpend  jeltow 


„    rnnsorsil  bj  puting 


BUrer 

Bnts  ifi.  tin  1      '. 
Spemilnifi  met^l  . 


Trougliton 


TroughtoD 
DBlong  uid  Pout 

UmchflDbTDck  , 


DoIonguidFetlt 
lATolaler  and  tAploce , 


EUtcat,  by  oomporlaDii 


LavDJsln'  uid  Laplux 


■01440.0 

JOI7M41 

3i 

ooajSjoo 
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Messrs.  Calvert,  Johnson,  and  Lowe  have  determined  the 
linear  expansion  of  a  considerable  number  of  metals  and  alloys 
by  a  modification  of  the  method  above  described,  for  the  details 
of  which  we  must  refer  to  the  original  paper  published  in  the 
'Mechanic's  Magazine.' 

The  following  are  the  linear  expanisions  of  simple  metals  be- 
tween o°  and  loo*'  C.  thus  determined: — 

Cadmium  (pare) 0*00332 

Lead  (pure)          .        .        .        .        .  0*00301 

Tin  (pure) 0*00273 

Aluminium  (commercial)     .        ,        .  0*00222 

Zinc,  forged  (pure)       ....  0*00220 

Silver  (pure) 0*00199 

Gold  (pure) 0*00138 

Bismuth  (pure)    .        ,        .        .        .  0*00133 

Wrought  iron        .        ,        ...  0001 19 

Cast  iron        ,        .        ,        .    !.        .  0*00112 

Steel  (soft) 0*00103 

Antimony  (pure) 0*00098 

Platinum  (commercial)        .^      .        .  o '00068 

55.  Xnflnence  of  physical  condition  of  substance  on  the 
rate  of  expansion. — From  the  preceding  table  it  will  be  seen 
that  the  coefficients  of  expansion  of  the  metals  vary  with  their 
physical  condition,  being  different  for  the  same  metal  according 
as  it  has  been  cast,  hammered  and  rolled,  hardened,  or  annealed. 
As  a  general  rule,  those  operations  which  increase  the  density 
appear  also  to  increase  the  rate  of  expansion  by  heat.  But  even 
for  substances  in  apparently  the  same  condition  different  ob- 
servers have  found  very  unequal  amounts  of  expansion ;  this 
may  arise  in  the  case  of  compound  substances,  such  as  glass, 
brass,  or  steel,  from  a  want  of  uniformity  in  chemical  composi- 
tion, and  in  simple  bodies  from  slight  differences  of  physical 
state.  Hence,  in  all  cases  where  great  accuracy  is  required  in 
the  determination  of  the  linear  expansion,  as  in  rods  employed 
for  pendulum  observations  or  for  the  measiu-ement  of  the  base- 
lines of  surveys,  it  is  impossible  to  rely  upon  the  results  of  pre- 
vious determinations  of  the  expansion  of  the  material  in  ques- 
tion ;  but  the  linear  expansion  of  each  individual  rod  must  be 
determined  by  a  special  experiment :  this  was  done,  for  instance, 
by  De  Borda,  with  each  of  the  four  platinum  measuring  rods 
(each  two  toises  or  twelve  French  feet  long)  which  were  employed 
in  the  measurement  of  the  arc  of  meridian,  from  which  the 
length  of  the  metre  was  deduced.  As  explained  in  art.  46,  brass 
or  copper  rods  were  laid  upon  the  platinum  rods,  and  both  were 
firmly  fixed  together  at  one  end  ;  the  copper  rods  carried  a 
dirjded  scale  at  the  other  end,  which  indicated  directly  the 
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twenty-thousandth  part  of  their  length,  while  by  means  of  a 
vernier  attached  to  the  corresponding  end  of  the  platinum  rods 
tenths  of  these  divisions,  or  about  the  one-hundredth  part  of  a 
French  line,  could  be  read  off.  In  this  way,  the  difference  in 
the  expansion  of  two  rods  of  the  same  length  but  different  ma- 
terials can  be  determined  with  great  accuracy,  and  if  the  coeffi* 
cient  of  expansion  for  the  material  of  one  rod  is  known  the 
coefficient  of  that  of  the  other  can  be  calculated. 

If  both  rods  have  the  same  length,  L,  at  o°,  and  at  t^  one  has 
the  length  l'  «  l  (i  +  a<),  the  other  the  length  l''  =  l  (i  +a'<), 
we  have  il  -  jI'  «  l<  (a  -  a'^,  a  and  a'  being  the  coefficients 
of  expansion  of  the  two  metals.  But  l'  —  l''  is  the  observed 
difference  of  length  at  the  temperature  t° ;  and  hence  if  a  is 
known  of  is  easily  calculated.  In  this  way  Culong  and  Petit 
deduced  the  linear  expansion  of  copper  from  that  of  platinimi. 

If,  on  the  other  hand,  the  expansion  of  the  material  of  two 
rods  thus  united  is  known,  and  can  be  taken  as  proportional, 
within  certain  limits  of  temperature,  to  the  indications  of  the 
mercurial  thermometer,  the  combination  of  the  two  rods  may  be 
employed  as  a  metallic  thermometer.  The  measurement  of 
temperatures  in  this  way  is  specially  valuable  in  the  case  of 
standard  measures  of  length,  which  can  thus  be  made  to  indi- 
cate their  own  temperature.  If,  for  instance,  the  two  rods 
have  the  same  length  at  o°,  and  differ  at  ioo°  by  the  amount  d, 
and  at  *°  by  the  amount  d,  the  temperature  is  given  by  the  equa- 
tion <  t=  -  lOO. 
D 

The  unequal  expansion  of  different  metals  has  been  taken 
advantage  of  for  the  construction  of  thermometers  of  another 
kind.  If  two  straight  strips  of  different  metals  are  fastened 
together  throughout  their  whole  length,  any  variation  of  tem- 
perature must  cause  the  compound  strip  to  bend,  so  that  the 
least  expanded  metal  will  be  on  the  concave  side,  and  the  most 
expanded  metal  on  the  convex  side  of  the  curve.  As  described 
in  art.  42,  Breguet's  thermometer  is  constructed  upon  the  prin- 
ciple just  stated,  and  is  made  from  a  compound  plate  of  plati- 
num, gold,  and  silver,  soldered  together,  the  gold  in  the  middle. 
This  is  rolled  out  very  thin,  and  cut  into  very  narrow  strips, 
which  are  coiled  round  into  spirals.  The  thermometer  consists 
of  such  a  spiral  suspended  by  one  end  from  a  support,  and  car- 
rjdng  a  needle  which  swings  round  a  divided  circle  at  the  other. 

Supposing  the  silver  to  be  inside  of  the  spiral,  any  rise  of 
temperature  will  be  indicated  by  the  untwisting  of  the  spiral, 
and  a  fall  of  temperature  by  its  twisting  more  tightly. 
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The  small  mass  of  this  instrument,  and  the  low  specific  heat 
of  the  materials  composing  it,  cause  it  to  indicate  changes  of 
temperature  very  rapidly,  and  to  be  affected  by  very  small 
quantities  of  heat. 

56.  Fixeau's  experiments. — One  of  the  most  exact  methods 
of  determining  linear  expansion  has  been  recently  designed  by 
M.  Fizeau,  and  applied  to  the  determination  of  the  coefficients 
of  dilatation  of  a  great  variety  of  substances.     It  rests  in  prin^ 
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Fig.  25. 

ciple  on  the  fact,  explained  in  the  volume  on  *  Optics,'  that  if  a 
convex  lens  of  very  long  focus  be  placed  in  contact  with  a  plane 
poUshed  surface  so  that  they  may  be  seen  in  reflected  Light, 
phenomena  of  interference  of  light  will  be  observed  :  a  black  spot 
will  appear  at  the  centre,  surrounded  by  a  series  of  concentric 
rings,  alternately  light  and  dark,  called  Newton's  rings.  But  if 
the  plane  surface  and  lens  be  separated  by  even  the  smallest 
distance  the  black  spot  disappears  immediately.  In  a  general 
manner  the  method  may  be  employed  by  means  of  the  following 
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apparatus.  Upon  a  stand,  8,  fig.  25,  two  upright  screws,  ss,  are 
fixed,  with  nuts,  m  m,  which  are  furnished  with  a  micrometric 
arrangement.  By  means  of  the  nuts  the  lens  l  can  be  raised  or 
lowered.  The  bar  b,  of  which  the  expansion  is  to  be  deter- 
mined, is  placed  between  the  screws,  and  its  upper  surface  is 
either  polished  or  provided  with  a  thin  plate  of  glass.  The 
light  from  an  electric  lamp  or  a  lime  light  is  then  directed  on 
the  surface  of  l,  which  is  gradually  lowered  until  the  rings 
appear.  The  length  of  the  bar  b  is  then  noted  and  the  tempera- 
ture is  determined  at  the  same  time.  The  temperature  of  the 
whole  is  then  raised,  and  again  noted,  together  with  the  corre- 
sponding length  of  the  bar.  By  dividing  the  difference  in  length 
by  the  difference  in  temperature  at  the  two  observations  the 
coefficient  of  expansion  is  obviously  found,  provided  that  the 
expansion  of  the  supports  is  known  and  duly  regarded  in  the 
calculation. 

57.  Betermlnation  of  cubieal  expansion. — When  the  co- 
efficient of  linear  expansion  of  a  substance  is  known,  its  coefficient 
of  cubical  expansion  is  obtained  by  multiplying  the  linear  coeffi- 
cient by  3,  as  already  explained.  The  cubical  expansion  can 
also  be  ascertained  by  direct  measurement.  The  following 
method  was  employed  by  Dulong  and  Petit  for  this  purpose. 
Into  a  glass  tube,  18  millimetres  wide  and  6  decimetres  long,  and 
closed  at  one  end,  they  introduced  a  rod,  previously  weighed,  of 
a  metal  not  attacked  by  mercury.  Let  w'  be  its  weight.  The 
tube  was  then  drawn  out  at  the  open  end  and  bent  as  in  the 
weight  thermometer,  fijg,  22,  after  which  it  was  filled  with  pure 
mercury,  and  boiled  out  to  renkove  every  trace  of  air,  exactly 
as  in  filling  a  mercurial  thermometer.  In  this  state  the  apparatus 
was  placed  horizontally  and  surrounded  with  melting  ice,  the 
point  dipping  below  the  surface  of  mercury  contained  in  a  small 
capsule.  It  was  thus  filled  with  mercury  at  0°.  The  capsule 
was  next  emptied,  replaced  under  the  pointy  and  the  apparatus 
allowed  again  to  assume  the  temperature  of  the  atmosphere. 
Then,  by  weighing  together  the  tube  and  capscde,  and  deduct- 
ing from  the  gross  weight  their  weight  before  the  introduction 
of  the  mercury,  they  obtained  the  weight,  w,  of  the  mercury 
which  exactly  filled  at  0°  so  much  of  the  capacity  of  the  tube  as 
was  not  occupied  by  the  metal  rod.  The  experiment  was  com- 
pleted by  heating  the  instrument  in  an  oil-bath  to  a  high  tem- 
perature, T,  and  weighing  the  quantity  which  escaped  from  the 
point,  as  in  the  determination  of  a  temperature  by  means  of  the 
weight  thermometer. 

If  Dq  and  T>Q  represent  the  densities  at  o®  of  mercury  and  of 

b2 
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the  metal ;  A,  x,  and  k,  the  coefficients  of  cubical  expansion  of 
mercury,  of  the  metal,  and  of  glass  respectively,  their  volumes 
at  o°  will  be  represented  by 


•  WW'  ,   /w       w'\ 

— ,    -_,  and  (—  +  -^  I; 


and  if  t(7  is  ihe  weight  of  mercury  which  escapes  from  the  tube 
between  o°  and  ^,  the  weight  of  mercury  remaining  in  the  tube 
at  the  latter  temperature  will  be  w  —  ly.  Then  putting  the 
volume  of  this  weight  of  mercury  at  the  temperature  t,  together 
with  that  of  the  metal  rod  at  the  same  temperature,  equal  to  the 
capacity  of  the  tube  which  contains  them,  we  have 

(I  +  At)  +p-  (1  +  xt)^  ^-  +^ j  (I  +kO  ; 


»0 


^{(^?>-(=?)a} 


It  is  of  course  necessary  that  the  values  of  A  and  k  should  have 
been  determined  by  previous  experiments  in  the  way  already 
described. 

Another,  to  some  extent  similar,  method  of  measuring  the 
cubical  expansion  of  solid  bodies  consists  in  determining  their 
specific  gravities  at  various  temperatures,  the  bulk  of  a  given 
weight  of  a  substance  being  inversely  as  its  density. 

In  applying  this  method,  the  weight  of  water  free  from  air 

which  fills  a  specific-gravity  bottle,  at  various  temperatures  is 

first  ascertained  ;  then  the  weight  of  the  bottle  is  determined  at 

the  same  temperatures  after  a  known  weight  of  the  substance 

under  examination  has  been  put  into  it,  and  the  interstices  filled 

with  water.     Let  w  be  the  weight  of  water  which  fills  the  bottle 

at  tha  temperature  t,  w'  the  weight  of  the  solid  substance,  and 

s  the  weight  of   water  and    solid   substance  which   together 

fill  the  bottle  at  t° ;  then  the  density  of  the  substance  at  t°, 

compared  with  that  of    water    at  the   same  temperature,    is 

w' 

D  ■■ T Tv ;  and  if  V,  rei»'esents  the  bulk  which  a  unit- 

w-(s-w') 

volume  of  water  measured  at  cP  assumes  at  t°,  the  density  of  the 
substance  at  <°,  compared  with  that  of  water  at  o°,  is  —    =   d^. 

Lastly,  if  the  density  d',  of  the  substance  at  some  other  tem- 
perature t^y  has  been  determined  in  the  same  way,  its  mean  co- 
efficient of  cubical  expansion  for  one  degree  between  t°  and  t'^  is 


rrr 
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TahU'of  Coefficients  of  Cubical  Exparmon  of  Solids  for  1®  C 


Subitanoe 

Coeffldento 

Interval  of 
Temperature 

ObMnrer 

Glass        .          .          .          . 

jj^/^  =  0-0000358 

0  . 
0  to 

0 
zoo 

Dulong 

»»            •          .          .          . 

m^67Fs  =  '0000275 

0  „ 

200 

t* 

»»            •          •          •          . 

rrioTUs  =  '0000304 

0  „ 

300 

•) 

Soft  French  glass 

'0000260 

17  ». 

99 

Kopp 

,,       ,,      another  kind 

•o«oo253 

7  .. 

99 

fi 

Hard  potash  glass 

'OOOU209 

16  „ 

100 

it 

Common  glass 

»T  TO  =   '0000276 

0  „ 

100 

Regnault 

»»             »»         •           •           • 

rw-vs  -  '0000305 

0  „ 

300 

t) 

Crystal  Glass  from  Choisy-le-Eoi 

■ntvz  =  '0000228 

0  „ 

zoo 

» 

»»           »»           >»           >» 

Tsirs  ^   0000233 

0  ,» 

300 

•) 

Iron 

wios  =  '0000355 

0  „ 

100 

Dulong 

"    .    .  '  .        * 

Tfhio  -  -0000441 

0  „ 

300 

>• 

„    (soft  wire)  . 

-0000370 

»3   ». 

zoo 

Eopp 

Copper      . 

rshnf  =  '0000515 

0  „ 

zoo 

Dulong 

»»            •           • 

xrfoiy  =  '0000565 

0  „ 

300 

»» 

„       (wire)      . 

-0000518 

"   ,» 

99 

Kopp 

Platinum  . 

Tnrhsv  =  '0000265 

0  „ 

zoo 

Dulong 

»♦            •           • 

•yico  =»  '0000275 

0  „ 

300 

•f 

Lead 

'0000889 

"    n 

zoo 

Eopp 

Tin 

-0000689 

X2    ,. 

99 

M 

Zinc 

■'0000693 

"    .» 

44 

H 

Cadmium  •           * 

'0000936 

la  „ 

43 

tt 

Bismuth    . 

'0000400 

12    „ 

4X 

tt 

Antimony            . 

'000035  z 

la  f. 

43 

»» 

Sulphur    . 

'0001826 

X4  M 

46 

$t 

Lead  glance 

'0000680. 

14  » 

48 

tt 

Zinc-blende          . 

'0000358 

15  ., 

45 

tt 

Iron-pyritea 

•0000338 

15  », 

47 

tt 

Rntile 

"0000322 

14     M 

46 

>» 

Tin-stone  (SnO») 

'0000163 

i6  „ 

46 

i> 

Specular  iron 

'0000404 

X3  .» 

47 

tt 

Magnetic  iron  ore 

Xxxx)a9i 

t7  ». 

50 

tt 

Fluor-spar 

'0000623 

X4  ». 

47 

»» 

Aragonite 

•0000647 

10  „ 

43 

tt 

Calc-spar  . 

"0000175 

9  *, 

42 

tt 

Bitter-spar 

'0000352 

13   » 

43 

tt 

Spathic  iron  ore  . 

'0D00350 

14  ,. 

45 

tt 

Heavy  spar          . 

"0000581 

12   f> 

42 

tt 

Coelestine             .           . 

'0000608 

12  „ 

45 

tt 

Orthoclase 

•0000225 

13  .. 

99 

tt 

Quartz      .           .           . 

'0000403 

18   „ 

zoo 

tt 

Bayeuz  porcelain           . 

•0000108 

0  „ 

860 

Deville  and 

Troost 

M                          If     >        •                   •                   • 

'0000108 

0  „xooo 

tt 

The  cubical  expansion  of  a  considerable  number  of  crystal- 
lised compounds  has  also  been  determined  by  Youle  and  Play- 
fair  (Chem.  Soc.  Qu.  J.  i.  121  ;  for  a  table  of  the  results  see 
also  Gmelin's  Handbook,  i.  234). 

58.  Variation  of  the  coefficients  of  expansion  depend- 
ingr  on  the  teniperature. — From  the  determinations  given  at 
the  beginning  of  this  table,  it  will  be  seen  that  the  coefficients 
of  expansion  of  solid  bodies  become  greater  as  the  temperature 
rises ;  but  that  the  coefficient  of  expansion  of  platinum,  which 
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at  the  temperatures  of  the  experiments  is  very  far  from  the 
point  at  which  fusion  or  softening  occurs,  increases  much  less 
than  the  co-efficients  of  expansion  of  the  more  fusible  metals, 
copper  and  iron.  The  rule  thus  indicated  has  been  found  to 
be  verified  in  other  cases,  viz. ,  that  with  solids  the  co-efficients 
of  expansion  remain  sensibly  constant  at  temperatures  far  re- 
moved from  those  at  which  change  of  state  occurs,  and  vary 
more  and  more  rapidly  as  these  latter  temperatures  are  ap- 
proached. In  general  it  is  found  that  solid  bodies  suffer  an 
almost  uniform  rate  of  dilatation  through  a  range  of  temperature 
extending  from  o°  to  ioo°,  that  is  to  say,  the  increments  of 
volume  which  attend  each  degree  of  temperature  which  the  body 
receives  are  equal.  If,  therefore,  the  entire  increment  of  vo- 
lume which  such  a  body  undergoes  when  it  is  raised  from  cP  to 
1 00°  be  divided  by  100,  the  quotient  will  be  the  increment  of 
volume  wljich  it  receives  when  its  temperature  is  raised  one  de- 
gree. On  the  other  hand,  when  soHds  are  elevated  to  tempera- 
tures much  above  100°,  and  more  especially  when  they  approach 
those  temperatures  at  which  they  would  be  fused  or  liquefied, 
the  dilatations  are  not  uniform.  As  the  temperature  is  raised, 
the  rate  of  dilatation  is  increased,  that  is  to  say,  a  greater 
increment  of  volume  attends  each  degree  of  temperature. 

59.  Expansion  of  crystals. — The  expansion  of  amorphous 
solids  and  of  those  which  crystallise  in  the  regular  system  is  the 
same  for  all  dimensions,  unless  when  they  are  subject  to  a  me- 
chanical strain  in  some  particular  direction.  A  fragment  of 
such  a  substance  varies  in  bulk  with  variations  of  temperature, 
but  retains  always  the  same  shape. 

Crystals  not  belonging  to  the  regular  system  exhibit  when 
heated  an  unequal  expansion  in  the  direction  of  their  axes,  in 
consequence  of  which  the  magnitude  of  their  angles  becomes 
altered.  In  crystals  belonging  to  the  trimetric  system,  the  ex- 
pansion is  different  in  the  direction  of  all  three  axes  ;  in  ara- 
gonite,  on  raising  the  temperature  from  cP  to  100°,  the  inclina- 
tion of  the  lateral  faces  increases  by  2'  46''',  and  that  of  the 
terminal  faces  diminishes  by  5^  29'' ;  gypsum  is,  according  to 
Fresfiul,  more  expanded  by  heat  in  the  direction  of  the  principal 
axis  than  in  that  of  the  lateral  axes.  In  crystals  belonging  to 
the  hexagonal  system,  the  expansion  is  the  same  in  the  directions 
of  the  three  secondary  axes,  but  different  from  that  according 
to  the  principal  axis.  The  obtuse  angles  of  the  primitive  rhom- 
bohedron  of  calespar  diminish  by  8J'  when  the  crystal  is  heated 
100°,  and  the  acute  angles  increase  by  the  same  quantity.  Hence 
//  majr  be  oaJoulated  that  the  relative  expansion  of  the  principal 
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axis  (compared  with  that  of  the  secondary  axes)  amounts  to 
0*00342  ;  moreover,  since,  according  to  Mitscherlich  and  Dulong, 
the  cubical  expansion  of  calcspar  between  0°  and  100°  is  only 
o '00196 1,  it  may  likewise  be  determined  that  calcspar  when  thus 
heated  does  not  expand  in  the  direction  of  the  secondary  axes, 
but  contracts  by  0*00056,  and  that  the  absolute  expansion  of  the 
principal  axis  may  be  estimated  at  0*00286.  In  bitterspar,  the 
obtuse  angle  of  the  primitive  rhombohedron  diminishes  when 
the  temperature  is  raised  from  0°  to  100°  by  4!  6'' ;  in  ferrugi- 
nous bitterspar  by  3'  29'' ;  in  ironspar,  containing  a  considerable 
quantity  of  manganese,  by  3'  31'',  and  in  pure  ironspar  by  2'  22'', 
Since  now,  among  all  these  minerals,  calcspar  forms  the  least, 
and  ferruginous  bitterspar  the  most  obtuse  rhombohedron,  it 
follows  that  the  expansion  in  the  direction  of  the  principal  axis 
does  not  increase  in  the  same  proportion  as  the  relative  length 
of  the  axis  itself  diminishes.     (Mitscherhch). 

The  following  direct  determinations  of  the  linear  expansion 
of  several  crystallised  substances,  between  0°  and  100°,  made  by 
Pfaflf  (Jahresber.  1858,  7),  show  very  distinctly  the  inequality 
in  the  amounts  of  expansion  in  the  direction  of  the  different 
axes. 

Linear  Expansion  of  Crystals  between  0°  and  1 00°. 


Monometric  Crystals 

Dimetric  or  Hexagonal  Crystali 

Substance 

Expansion 

Substance 

Expansion 

Garnet  . 
Iron  pyrites  . 
Magnetic  iron 
Lead-glance  . 
Fluor-spar     . 

0 '0008478 
'0010084 
•0009540 
•0018594 
'0019504 

Tin-stone 
Vesuvian 
Zircon    . 
Beryl      . 
Corundum 
Quartz    . 
Tourmaline 
Calc-spar 

Principal 
Axis 

0  "0004860 
•0007872 
'0006264 
•0001721 
•0006876 
•0008073 
•0009369 
•0026261 

Secondary 
Axis 

0^0004526 
'0009629 
•0011054 

-0'0000132 

•0006551 

'0015147 

'0007732 

-0000310S 

Note. — A.  minus  sign  (— )  in  the  last  oolnmn  denotes  contraction  instead  of 
expansion. 

This  alteration  of  shape  caused  by  change  of  temperature  is 
most  easily  rendered  evident  in  gypsum,  of  which  substance 
twin-crystals  often  occur,  having  pretty  nearly  the  form  shown 
in  fig,  26.  From  such  a  crystal,  a  portion,  abed,  is  cut,  so 
that  the  new  surfaces  are  perpendicular  to  the  surface  of  combi- 
nation, m  n,  of  the  two  halves  of  the  crystal,  and  the  face,  ah,  is 
ground  and  polished.    At  the  temperature  of  the  atmosphere^ 
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thia  Burface  then  conatitutes  &  single  unbroken  plane  ;  but  when 
it  is  heated  to  about  60°  or  80°  0. ,  the  ehape  of  the  crfBtal  idtera 
in  the  manner  shovn  in  J\g.  27,  and  now  parallel  rays  of  light 
falling  on  the  two  halves  from  a  distant  object  are  reflected 
in  different  directions,  so  that  two  distinct  images  of  the  object 
may  be  seen  simultaneously  by  refleetion  from  the  surface  a  b. 


Fig.. 


Kg.,; 


60.   Xxoaptlons  of  the  v«n«ral  law  of  ezpaiiBlon. — One 

or  two  solid  bodies  are  known  which,  at  least  within  certain 
limits  of  temperature,  form  exceptions  to  the  general  rule  of  ex- 
pansion by  heat,  and  contract  as  their  temperature  is  raised. 
For  example,  the  alloy  of  2  parta  bismuth,  1  part  tin,  and  1  part 
lead,  expands  when  heated  from  0°  to  44°  C.  ;  when  still  further 
heated  it  contracts,  so  that  at  56°  its  density  is  the  same  as  it 
was  at  0°,  and  at  69°  still  greater  ;  beyond  this  temperature  ex- 
pansion again  takes  place,  at  ^TS"  the  sUoy  has  once  more  the 
same  density  as  at  o",  and  at  94°,  at  which  it  fuses,  the  same 
as  at  44°. 

Again,  a  piece  of  Tulcaniaed  oaout^ihonc,  which  is  stretched 
by  a  weight  to  double  its  length,  is  shortened  by  a  tenth  when 
its  temperature  is  raised  50°  C,  and  the  shortening  effect 
increBses  rapidly  with  the  stretching  weight  employed.  (Youie, 
'  Proa  Eoy.  Soc'  Tiii.  356). 
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CHAPTER  IV. 

THE  EXPANSION  OF  LIQUIDS. 

61.  The  llqaid  state. — The  liquid  state  is  one  of  transition 
between  the  solid  and  the  vaporous  states.  Solids  by  heat  are 
converted  into  liquids,  and  liquids  into  vapours. 

The  liquid  state,  therefore,  is  maintained  between  two  limits 
of  temperature ;  a  lower  limit,  at  which  the  liquid  would  solidify, 
and  a  higher  limit,  at  which  it  would  vaporise.  In  different 
liquids  these  limits  are  separated  by  a  greater  or  less  range  of 
temperature.  In  some,  alcohol  for  example,  the  point  of  soli- 
dification stands  at  a  very  low  temperature  on  the  scale  ;  while 
in  others,  as  in  some  of  the  oils,  the  point  of  vaporisation  is 
placed  at  a  very  high  limit.  In  others,  as  in  mercury,  these 
points  are  widely  separated,  the  vaporising  point  being  at  a  very 
high,  and  the  freezing  point  at  a  very  low  temperature. 

It  is  found  in  general  that  the  rate  of  dilatation  of  liquids  is 
not  uniform,  like  that  of  solids  and  gases,  and  that  it  not  only 
increases  as  the  temperature  is  elevated,  but  is  subject  to  certain 
irregularities  as  it  approaches  the  points  at  which  the  liquid 
would  pass,  on  the  one  hand,  into  the  solid,  and,  on  the  other, 
into  the  vaporous  state. 

Since  by  dilatation  and  contraction  the  proportion  of  the 
volume  of  the  liquid  to  its  weight  is  varied,  all  the  methods 
which  have  been  explained  in  the  treatise  on  *  Hydrostatics,' 
page  74,  &c.,  for  ascertaining  the  specific  gravity  of  liquids,  will 
be  equally  applicable  to  determine  their  dilatation  and  contrac- 
tion. If,  for  example,  a  given  volume  of  liquid  at  a  certain 
temperature  weigh  1,000  grains,  and  the  same  volume  at  another 
temperature  weigh  only  950  grains,  the  proportion  of  the  volumes 
which  have  equal  weights  will  be  the  inverse  of  those  numbers, 
that  is,  of  950  to  1,000. 

The  only  body  in  the  liquid  state  whose  variations  of  volume 
through  a  c6nsiderable  range  of  the  thermometric  scale  are  found 
to  be  very  nearly  exactly  proportional  to  its  change  of  tempera- 
ture is  mercury. 

It  has  been  ascertained  that,  from  0°  to  100°,  the  increments 
of  volume  in  this  liquid  for  equal  increments  of  temperature 
are  very  nearly  equal. 

The  most  important  liquids  whose  rates  of  dilatation  have 
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been  submitted  to  exact  experimental  investigation  are  water, 
mercury,  and  ialcohol.  The  approximate  increment  of  volume 
which  each  of  these  liquids  receives  from  o°  to  ioo°  is  -^rd  of  the 
volume  at  o°  for  water,  ^^th  for  mercury,  and  |th  for  alcohol. 

62.  Apparent  and  absolate  expansion. — An  obvious  me- 
thod of  determining  the  expansion  of  a  liquid  would  clearly 
consist  in  observing  how  many  divisions  of  a  vessel  graduated 
into  parts  of  equal  capacity  are  filled  by  the  same  weight  of  it 
at  various  temperatures.     Such  a  method,  however,  would  only 
be  exact  if  the  capacity  of  the  containing  vessel  were  known,  not 
merely  at  some  one  temperature,  but  at  each  temperature  at 
which  an  observation  of  the  liquid  was  made.     Thus  it  would 
be  inaccurate  to  conclude  that  the  expansion  of  a  liquid  between 
0°  and  icx)°  amounted  to  i  per  cent,  because  the  same  quantity 
which  filled  100  divisions  at  the  former  temperature  occupied 
loi  divisions  at  the  latter ;  for  it  is  impossible  to  raise  the  tem- 
perature of  a  liquid  without  at  the  same  time  raising  the  tem- 
perature and  so  altering  the  capacity  of  the  vessel  in  which  it  is 
contained.     It  is  therefore  necessary  to  distinguish  between  the 
apparent  expansion  of  liquids,  or  that  which  would  result  from 
observations  made  in  the  manner  that  has  been  described,  without 
taking  account  of  the  changes  of  capacity  of  the  containing  ves- 
sel, and  the  real  or  absolute  expansion,  which  is  the  apparent 
expansion  corrected  for  the  simultaneous  expansion  of  the  ves- 
sel.    In  a  similar  manner,  in  increasing  the  changes  of  volume 
of  gaseous  bodies,  the  expansion  of  the  containing  vessel  requires 
to  be  taken  into  account ;  but  since  the  expansion  of  gases  is 
much  more  considerable  than  that  of  any  solid,  the  correction 
required  is  in  the  case  of  gases  of  much  less  relative  consequence 
than  it  is  in  the  case  of  Hquids  :  thus,  for  example,  the  apparent 
expansion  of  air  in  a  glass  vessel  would  only  differ  from  its  real 
expansion  about  in  the  proportion  of  140  :  141 ;  whereas,  in  the 
case  of  mercury,  the  difference  would  amount  to  one-seventh  of 
the  total  effect  to  be  observed. 

63.  Selatlon  between  tbe  absolute  and  apparent  expan- 
sion.— From  what  has  been  akeady  said,  it  will  be  evident  that 
the  apparent  expansion  of  a  liquid  is  equal  to  its  absolute  expan- 
sion for  the  same  interval  of  temperature  diminished  by  the  cor- 
responding expansion  of  the  containing  vessel.  That  is,  if  A 
be  the  coefficient  of  absolute  expansion  of  a  liquid,  and  S  its 
coefficient  of  apparent  expansion,  the  relation  between  these 
two  quantities  will  be  the  following,  if  k  is  the  coefficient  of 
cubical  expansion  of  the  material  of  the  vessel : — Let  us  suppose 
^ai  a  veaael  contains  some  liquid,  and  that  both  the  liquid  and 
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the  vessel  have  had  their  temperature  raised  from  0°  to  1°.  If 
V  is  the  original  volume  of  the  liquid  at  0°,  and  v'  the  original 
volume  at  0°  of  that  part  of  the  vessel  which  is  at  1°  occupied  by 
the  liquid,  since  the  real  voliunes  of  the  liquid  and  the  vessel  at 
1°  are  respectively  v  (i  +  A)  and  v'  (i  +  k),  we  have — 

v(i  + A)  =  v^(i  +  k), 
or 

v^-v     A~K 

V      ""   I  +K 

But  v'  -  V  is  the  apparent  increase  of  vohune  of  the  Hquid  from 

v^  — V 
a  rise  of  temperature  of  one  degree,  and  hence  is  the 

coefficient  of  apparent  expansion,  d.     Accordingly, 

1  +K 

or 

A  «  5  +  K  +  ^K, 

But  as  S  and  k  are  always  small  fractions,  we  may  disregard  their 
product  ^K,  and  put 

A  =  5  +  K, 

that  is,  the  coefficient  of  absolute  expansion  of  a  liquid  is  equal 
to  its  coefficient  of  apparent  expansion  in  a  vessel  of  any  material, 
together  itnth  the  coefficient  of  cubical  expansion  of  the  matei'ial 
of  which  the  vessel  is  made, 

64.  nsetliods  of  determlningr  tbe  expansion  of  llqalds. — 
The  first  condition  to  be  fulfilled  in  determining  the  coefficient 
of  expansion  of  a  liquid  is  accordingly  that  the  capacity  of  the 
vessel  which  contains  it  is  accurately  ascertained.  By  far  the 
most  precise  method  of  measuring  the  capacity  of  a  vesse],  and 
of  finding  the  relative  values  of  divisions  which  may  be  marked 
upon  it,  is  to  determine  the  weight  of  mercury  which  fills  it  up 
to  the  zero-point  of  the  scale,  and  also  the  weight  which  corre- 
sponds to  the  intervals  between  any  two  divisions.  But  since 
both  the  capacity  of  the  vessel  and  the  specific  gravity  of  mer- 
cury vary  with  variations  of  temperature,  the  different  weights 
of  merciffy  which  fill  the  vessel  at  different  temperatures  do  not 
at  once  enable  its  relative  capacities  at  these  temperatures  to  be 
calculated  ;  for  this  it  is  necessary  that  the  absolute  expansion 
of  mercury  should  be  previously  known.  Hence  the  absolute 
expansion  of  mercury  (which,  on  account  of  its  inalterability 
and  its  property  of  not  wetting  glass,  is  better  adapted  for  mea- 
suring pturposes  than  any  other  liquid)  is  a  necessary  prelimi- 
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nary  datum  for  the  determination  of  the  absolute  expansion  of 
Hquids  in  general. 

65.  Betermlnatloii  of  tlie  absolate  expansion  of  mer- 
onry. — It  is  evident  that,  in  order  to  obtain  a  trustworthy  de- 
termination of  this  constant,  some  method  must  be  devised 
whose  results  are  wholly  unaffected  by  changes  in  the  capacity 
of  the  vessel  in  which  the  mercury  is  contained.  A  satisfactory 
solution  of  this  apparently  very  difl&cult  problem  was  first  given 
by  DuUmg  and  Petit  Their  method  consisted  in  increasing  the 
heights  of  columns  of  mercury  at  different  temperatures,  which 
produced  equilibrium  with  another  column  of  the  same  liquid 
at  constant  height,  and  kept  always  at  0°. 

If  h  denotes  the  height  of  the  column  at  0°,  d  the  density  of 
mercury  at  0°,  h^  the  height  of  the  column  at  t°,  which  produces 
equilibrium  with  the  first,  and  d^  the  density  of  mercury  at  t°, 
we  have  (see  *  Hydrostatics,'  Article  34) — 

K  i 

Bepresenting  by  v  and  1/  the  columns  of  the  same  weight  of 
mercury  at  0°  and  t°,  we  get — 

d    v'  xf    h! 

-=-,  hence  -==t- 
d     '0  V     h 

The  mean  coefficient  of  expansion  between  o**  and  t°  is  therefore 

v'-v    W-h 


^,= 


V 


and  its  determination  requires  only  that  the  difference  of  height 
of  the  two  columns,  and  the  absolute  height  of  the  column  at 
0°,  should  be  accurately  measured. 

The  apparatus  employed  by  Dulong  and  Petit  consisted  of  a 
kind  of  inverted  glass  syphon,  fig.  28,  the  two  vertical  branches 
of  which,  A  and  b,  were  about  0*55  metre  long,  and  communi- 
cated below  by  a  horizontal  tube  of  very  small  diameter.  The 
branch  A  was  surrounded  by  a  cylinder  of  tinned  iron,  which 
was  kept  full  of  ice  ;  the  other  branch,  B,  occupied  the  middle 
of  a  covered  cylindrical  copper  vessel  filled  with  oil  and  built 
into  a  furnace.  The  quantity  of  mercury  in  the  apparatus  was 
so  adjusted  that  the  reservoir  in  the  tube  b  was  a  little  above 
the  cover  of  the  oil-bath,  and  the  difference  in  the  height  of  the 
two  columns  was  measured  by  a  cathetometer,  that  is,  a  horizon- 
tal telescope,  capable  of  sliding  along  a  vertical  scale,  and  having 
a  horizontal  thread  fixed  across  its  axis.  The  temperature  of 
tjie  oil-bath  was  indicated  by  an  air  thermometer  and  a  mercu- 
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rial  weight  thermometer,  the  reservoirs  of  which  were  of  the 
same  length  as  the  mercury  column  in  the  tube  b,  and  were 
placed  near  to  and  parallel  with  it. 

B  A 


ii\ 


Y  7 


^  V 


n 


Fig.  28. 

The  following  table  gives  the  general  results  of  a  great  num- 
ber of  determinations  made  with  this  apparatus  : — 

Absolute  Expansion  of  Mercury  {Dulong  a/iid  Petit). 


Temperature 

by  the  air- 

thermometer 

Mean  coefficient  of  expansion  counted  from  0° 

1 

Maximum 
value 

Minimum 
value 

Mean 
values 

200" 
300° 

i 

X^  =  o'oooi8oi8 
j^fj  =  0-00018433 
T«V<y  =  0-00018868 

66.  &egrnaalt'8  determination.— ^The  results  of  the  experi- 
ments made  by  Dulong  aifd  Petit  are  affected  by  some  sources 
of  error,  which  cannot  be  considered  as  immaterial.     The  chief 
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of  these  are,  the  uncertainty  of  the  determmatioiis  of  the  tem- 
perature of  the  heated  column,  arising  from  various  cauBes,  and 
the  comparative  shortness  of  the  two  mercury-columuB,  wherebj 
a  very  small  absolut«  error  in  the  measurement  of  h  and  h'  cornea 
to  have  a  consideiable  effect  on  the  value  of  the  fraction — ^  =  I. 

In  order  to  obtain  results  which  should  be,  as  far  as  pOBeible, 
free  from  the  errors  thus  arising,  BegnaiM  repeated  the  deter- 
mination of  the  absolute  expansion  of  mercury.  His  method  is 
similar  in  principle  to  that  of  Dulong  and  Petit,  but  somewhat 
different  in  execution.  The  principle  of  the  arrangement  will 
be  intelligible  from  fi^.  29,    a  b  and  c  D  are  two  iron  tubes,  I  '5 


metre  long  and  10  mm.  in  internal  diameter,  connected  above 
by  the  horizontal  iron  tube  ao,  of 'Z'S  mm.  internal  diameter, 
and  respectively  coDunnnicating  below  with  the  horizontal  tubes 


THE  EXPANSION  OF  LIQUIDS.  63 

BE  and  DF,  likewise  of  2*5  mm.  diameter,  which  in  their  turn 
carry  vertical  glass  tubes  at  b  and  p.     The  apparatus  having 
been  adjusted  so  that  the  tubes  A  b  and  c  d  are  exactly  vertical, 
and  the  tubes  a c,  be,  and  d  p  exactly  horizontal,  mercury  is 
poured  into  it  through  one  of  the  short  tubes,  open  at  both  ends, 
by  which  both  ab  and  c  d  are  surmounted,  and  in  proportion  as  the 
liquid  rises  in  the  vertical  glass  tubes  at  k  and  p,  air  is  compressed 
into  a  copper  receiver  communicating  with  them  by  the  leaden 
pipe  G,  so  as  to  keep  the  level  of  the  mercury  near  the  bottom 
of  the  glass  tubes.     The  addition  of  mercury  is  continued  until 
it  begins  to  run  out  of  a  hole,  o,  bored  in  the  upper  side  of  the 
tube  A  c.     The  vertical  tube  a  b  is  placed  in  the  centre  of  an 
oil-bath  ;  c  D  is  surrounded  by  a  constant  current  of  cold  water. 
On  heating  the  tube  a  b,  the  density  of  the  mercury  in  it  was 
of  course  diminished,  and  consequently  equilibrium  of  pressure 
in  the  tubes  e  o  and  p  q  Could  only  be  maintained  by  the  sink- 
ing of  the  mercury-column  in  the  former.     The  elastic  force  of 
the  compressed  air  in  the  receiver  was  therefore  balanced  on  the 
one  hand  by  the  pressure  of  the  heated  column  of  mercury  of 
the  height  a  b,  ==  h,  diminished  by  that  of  the  column  in  e,  »  ?i ; 
on  the  other  hand,  by  the  pressure  of  the  cold  column  0  n  «  h', 
diminished  by  that  of  the  column  in  p, «  h\     The  temperature 
of  the  column  a  b  was  indicated  by  an  air-thermometer,  that  of 
c  D  by  three  mercurial  thermometers  in  the  water- vessel  which 
surrounded  it,  and  that  of  the  merciuy  at  e  and  p  by  a  thermo- 
meter placed  between  them,  as  shown  in  the  figure.     When  the 
necessary  corrections  for  the  diflferences  of  temperature  of  the 
several  mercury-columns  had  been  applied,  the  formula  for  the 
absolute  expansion  became — 

(n'-h')-{H-h) 
F^^F *• 

But  since  the  required  corrections  involved  the  knowledge  of 
the  very  coefficient  sought,  the  calculation  could  only  be  made 
by  the  method  of  successive  approximations,  that  is,  Dulong 
and  Petit's  coefficient  was  first  assumed,  in  order  to  calculate 
an  approximate  result ;  then  the  number  so  obtained  was  sub- 
stituted for  the  old  coefficient,  and  so  a  still  more  accurate  result 
was  arrived  at. 

In  another  series  of  experiments,  the  tubes  a  b  and  c  d  were 
connected  at  the  bottom  by  a  continuous  horizontal  tube,  and 
the  tube  a  c  was  cut  across,  vertical  glass  tubes  being  inserted 
into  the  two  halves,  wherein  the  different  heights  attained  by 
the  mercury-column  could  be  observed.     In  this  state  the  ap- 
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paratus  was  merely  a  modified  form  of  that  employed  by  Dulong 
^uid  Petit. 

The  results  ultimately  arrived  at  are  given  in  the  following 
table,  the  temperatures  in  the  first  column  of  which  are  those 
measured  by  the  air  thermometer. 

Absolute  Expansion  ofMerctury  (Regnault), 


Tempera- 
tnre  —  t 

Volume  at  ^ 

Mean  coefficient  of 

expansion  between 

0*  and  f* 

True  coefficient  of 
expansion  at  f* 

o 

o 

I'OOCXXJO 

0*00000000 

0*00017905 

lO 

I  '001792 

0*00017925 

0*00017950 

20 

I  003590 

0*00017951 

0-00018001 

30* 

I '005393 

0*00017976 

000018051 

40 

I  '007201 

0*00018002 

0-0001S102 

50 

1-009013 

0*00018027 

0-00018152 

60 

I  010831 

0*00018052 

0*00018203 

70 

1-012655 

0*00018078 

000018253 

80 

I  -014482 

0*00018102 

0*00018304 

90 

1-016315 

0*00018128 

0*00018354 

100 

I-OI8I53 

0*00018153 

0*00018405 

no 

I  -019996 

0-00018178 

0-00018455 

120 

I  -021844 

0*00018203 

0-00018505 

130 

1-023697 

0-00018228 

0-00018556 

140 

1*025555 

0*00018254 

0-00018606 

150 

1*027419 

0*00018279 

0-00018657 

160 

1  -029287 

0*00018304 

0-00018707 

170 

1-031160 

0*00018329 

0-00018758 

180 

1*033039 

0*00018355 

0*00018808 

190 

1-034922 

0*00018380 

0-00018859 

200 

1*036811 

0*00018405 

0*00018909 

210 

1*038704 

0*00018430 

0-00018959 

220 

1  -040603 

0*00018456 

0*00019010 

230 

1  -042506 

0*00018481 

0*00019061 

240 

1-044415 

0*00018506 

0*00019111 

250 

I -046329 

0*00018531 

0*00019161 

260 

1  -048247 

0*00018557 

0*00019212 

270 

1  050171 

0  0001 8582 

0*00019262 

280 

1-052100 

0*00018607 

0-00019313 

290 

1*054034 

0*00018632 

0-00019363 

300 

1-055973 

0*00018658 

0-00019413 

310 

1*057917 

000018683 

0-00019464 

320 

1*059866 

0*00018708 

0-000195 1 5 

330 

1*061820 

000018733 

0-00019565 

340 

1*063778 

0*00018758 

0*00019616 

350 

I '065743 

0-00018784 

0*00019666 

67.  Sesiilts  of  the  preoedingr  table. — The  numbers  in  the 
last  column  represent  amounts  by  which  a  unit  volume  of  mer- 
cury expands  for  a  rise  of  temperature  of  one  degree  Centigrade 
ai;  FArious  temperatures  between  0°  and  350°.  Thus,  100,000,000 
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cubic  millimetres  of  mercury,  measured  at  0°,  occupy  icx),oi 7,905 
cubic  millimetres  at  1° ;  icx),cxx),ooo  cubic  millimetres,  mea- 
sured at  300°,  become  100,019,413  cubic  millimetres  at  301°. 

Accordingly,  the  true  coefficient  of  expansion  increases  as  the 
temperature  rises. 

The  third  column  contains  the  quotients  obtained  by  divid- 
ing the  difference  betweeli  the  volume  (v)  of  mercury  at  t°  and 
the  volimie  of  the  same  weight  at  0°  (Vo=  i)  by  the  number  of 
degrees  of  temperature  (  =  *),  that  is  to  say,  the  column  exhibits 
the  mean  co-efficients  of  expansion  between  0°  and  <°,  viz.  : 

V  —I 


t 

Between  0°  and  100°  the  mean  coefficients  vary  so  little 
tiiat  the  real  expansion  of  mercury,  and  much  more,  therefore, 
its  apparent  smaller  expansion  in  glass,  may  be  taken  as  propor- 
tional to  the  true  increase  of  temperature. 

68.  Apparent  expansion  of  mercury  and  cabical  ex- 
pansion of  grlass  vessels. — By  the  help  of  the  foregoing  table 
of  the  absolute  expansion  of  mercury,  the  cubical  expansion  of 
glass  vessels  may  be  determined.  For  this  purpose  the  neck 
of  the  vessel  is  drawn  out  to  a  capillary  point ;  it  is  filled  with 
merciuy,  care  being  taken  to  exclude  all  moisture  or  air,  ex- 
posed successively  to  the  temperatures  0°  and  100°,  and  weighed 
with  the  quantity  of  mercury  which  fills  it  at  each  of  these  tem- 
peratures.    Let 

the  weight  of  the  empty  glass  vessel  be  .  .  .  .  =  t/?, 
the  weight  of  the  vessel  filled  with  mercury  at  0°  .  .  «  w, 
the  weight  of  the  vessel  filled  with  mercury  at  100°  .  =w', 
let  A  be  the  absolute  expansion  of  mercury,  and  k  the  cubical 
expansion  of  glass  between  0°  and  100°,  then  we  have 

^;ii£.=i±^  and  therefore  «  =  !!:lr!^(i  +  A)  -  i. 
yr  —w     I  +<  w  —1X7 

When  once  the  cubical  expansion  of  a  glass  vessel  is  known,  the 
absolute  expansion  of  any  liquid  can  be  deduced  in  the  manner 
already  explained  (Art.  63)  from  its  apparent  expansion  as  ob- 
served in  this  vessel.  Hence  a  problem  of  frequent  occurrence  is 
to  determine  the  expansion  of  the  glass  of  a  vessel  shaped  like  a 
thermometer,  and  provided  with  a  divided  stem,*for  which  the 
relative  capacities  of  the  bulb  and  of  one  division  of  the  stem 
have  been  previously  determined.  In  such  a  case  it  is  only  ne- 
cessary to  fill  the  apparatus  to  some  particular  point  of  the  scale 
with  well-boiled  mercury,  and  to  observe  the  apparent  volumes 

F 
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of  the  mercury,  v  and  v%  at  o°  and  ioo°,  expressed  in  divisions 
of  the  scale  ;  the  expansion  of  the  glass  can  then  be  calculated. 
For  the  apparent  volume  of  the  mercury  at  ioo°  is  equal  to  its 
volume  at  o°  increased  by  the  amount  of  its  absolute  expansion 
between  o°  and  ioo°,  that  is 

v'  (l  X  <r)  =  i?  (i  +  A)  ori:  =  ^  (i  +  A)  - 1. 

v' 

The  apparent  expansion  of  mercury  in  glass  varies  with  the  kind 
of  glass  employed,  but  may  be  taken  on  an  average  =  o'oooi  545 
for  each  degree  Centigrade.  This  value  may  be  used,  for  instance, 
without  hesitation  in  calculating  the  corrected  length  of  the 
portion  of  the  thread  of  mercury  in  a  thermometer  which  is  not 
exposed  to  the  temperature  that  id  to  be  measured  (see  below. 
Determination  of  boiling  points).  Between  0°  and  100°  the  ap- 
parent volume  of  mercury  in  glass  increases  in  the  proportion 
of  I  :  I  '01545^  while  the  real  volume  increases  in  the  proportion 
of  I  :  I  '01815,  hence  the  cubical  expansion  of  glass  is 

K=i:£!^5_  I  ^0-002663. 
1-01545 

Another  case  in  which  the  absolute  expansion  of  mercury  re- 
quires to  be  taken  into  account  is  in  reducing  barometric 
observations  to  0°  C. 

69.  Expansion  of  other  llqalds. — The  absolute  expansion 
of  any  liquid  can  now  be  ascertained  by  filling  with  it  a  small 
glass  bottle,  whose  cubical  expansion  has  been  previously  ascer- 
tained in  the  manner  already  described,  and  weighing  the  bottle 
with  the  quantity  of  liquid  which  fills  it  at  difierent  tempera- 
tures. But  a  more  rapid  method,  and,  therefore,  one  more 
frequently  adopted,  is  to  observe  the  apparent  expansion  of  the 
liquid  in  a  dUatometery  an  instrument  shaped  just  like  a  common 
mercurial  thermometer,  and  then  to  correct  these  observations 
for  the  previously  known  cubical  expansion  of  the  glass  In  this 
way  very  numerous  determinations  have  been  made  by  Isidore 
Pierre  and  Herman  Kopp.  The  results  of  these  investigations 
are  given  in  the  fallowing  table  for  a  few  of  the  more  important 
liquids  : — 

Total  apparent  expansions  between  0°  and  100°  C, 


Distilled  water  .  ^     . 

0*0466 

Alcohol 

.    0*11 

Water  saturated  with  salt 

0-05 

Benzine 

.    o*ii8 

Sulphuric  acid  . 

o-o6 

Di-sulphide  of  carbon  . 

.    0*114 

Hydrochloric  acid 

0*06 

Bromine 

.    0*103 

Oil  of  turpentine 

0*084 

Acetic  acid  . 

.    0*105 

Ether         .... 

0*148 

Chloroform   . 

.      O'lII 

Nitric  acid 

o*n 

Olive  oil 

.    0-073 

THE  EXPANSION  OF  LIQUIDS. 


67 


70.  The  expansion  of  water. — Water,  as  it  falls  in  tem- 
perature towards  the  freezing  point,  exhibits  phenomena  which 
form  a  striking  exception  to  the  general  laws  of  dilatation  and 
contraction  by  temperature.     As  its  temperature  is  lowered,  the 
rate  at  which  it  contracts  is  found  to  diminish  until  it  arrives  at 
the  temperature  of  4°  C,  when  all  contraction  ceases,  and,  if 
the  temperature  be  further  lowered,  the  volume  is  observed  to 
remain  stationary  for  some  time  ;  but,  on  lowering  it  still  more, 
instead  of  contraction,  a  dilatation  is  produced,  and  this  dilata- 
tion continues  at  an  increasing  rate  until  the  water  is  congealed. 
It  appears,  therefore,  that  at  the  temperature  of  4®  the  density 
of  water  is  a  maximum.      It  is  found  that  for  a  few  degrees 
above  and  below  such  temperature  of  greatest  density  the  dila- 
tation is  the  same  ;  thus,  at  1°  above  and  1°  below  4®  and  at  2° 
above  and  2°  below  that  point,  the  specific  gravities  are  almost 
exactly  equal. 

The  experiments  of  HdUdrdm 
fixed  the  temperahi/re  of  the  minvmum 
density  of  water  at  3°.  90.  Despretz 
found  it  in  one  series  of  experi- 
ments, made  by  a  water  thermometer 
at  4°.  007  ;  by  another  method  he 
found  it  to  be  3°.  997-  Youle  and 
Playfavr  fixed  it  at  3°.  945,  Kopp  at 
4**.  08,  Bosetti  at  4°.  07.  The  mean 
of  these  results  is  3^.965,  or  very 
nearly  4®,  which  is  the  tempera- 
ture of  maximum  density  adopted 
in  fixing  the  French  standard  of 
weight. 

Water,  at  its  greatest  density,  is 
taken  as  the  base  of  the  uniform  sys- 
tem of  measures  adopted  in  France, 
the  unit  of  weight  being  the  weight  of 
a  cube  of  distilled  water  taken  at  its 
greatest  density,  the  side  of  the  cube 
being  the  length  of  a  centimetre,  or 
the  one-hundredth  part  of  a  metre, 
which  is  the  linear  unit.  The  length 
of  the  metre  is  39  '37  English  inches. 
The  weight  of  one  cubic  centime- 
tre of  water  at  4°  is  called  a  gramme  :  it  is  equal  to  1 5  '45  English 
grains. 

71.  Bxperimental    proof   of    Brman   and    Bope. — This 

f2 


tff..ii.ii]ii\iiiii>n 


Fig.  3a 
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method  of  determining  the  maximnm  density  of  water  was 
employed  by  Erman,  and  in  a  modified  form  by  Hope.  A  deep 
Teasel,  fig,  30,  is  perforated  by  two  lateral  apertures,  in 
which  thermometers^  are  fixed.  .  Suppose  at  first  a  vessel  of 
this  kind  to  be  filled  with  water  at  o^  and  placed  in  a  room 
in  which  the  temperature  of  the  air  is,  for  example,  at  15°. 
The  layer  of  the  liquid  at  the  side  of  the  vessel  becomes 
heated,  and  we  should  expect  the  upper  thermometer  to 
rise  first,  if  water  did  not  present  the  anomaly  of  being  most 
dense  at  4°.  What  actually  happens  is  that  the  lower  ther- 
mometer rises  gradually  to  4^,  in  consequence  of  the  descent  of 
the  heated  particles  of  water,  while  the  upper  thermometer 
remains  still  at  zero.  It  follows  thaA  water  at  4°  is  heavier  than 
water  between  0°  and  4**.  The  converse  of  the  experiment 
proves  the  same  fa^.  The  vessel  l^eing  filled  with  water  at  1 5° 
is  placed  in  a  room  at  zero  ;  in  this  case  the  lower  thermometer 
sinks  to  4°  and  remains  stcUioiiary  for  some  time,  while  the 
upper  thermometer  cools  down  until  it  reaches  zero. 

72.  Otlier  metliodfl  of  deteirnlningr  tbe  maximuin  den- 
sity of  water. — Hdllstrom^s  method  consisted  in  weighing  a 
glass  bulb,  loaded  with  sand,  in  water  at  different  temperatures. 
Allowing  for  the  expansion  of  glass,  he  found  that  the  bulb  lost 
most  weight  in  water  at  4°*i,  and  that  consequently  this  was  the 
temperature  of  the  maximum  density  of  water. 

Despretz  took  a  water  thermometer,  that  is  to  say,  a  bulbed 
tube  containing  water,  and  placing  it  in  a  bath,  the  temperature 
of  which  was  indicated  by  an  ordinary  mercury  thermometer,  he 
found  that  the  water  contracted  to  the  greatest  extent  at- 4°,  and 
that  this  is  therefore  the  point  of  greatest  density. 

The  same  method  was  followed  by  Kopp  for  determining  the 
behaviour  of  water  between  0°  and  100°,  with  the  following 
results  : — 


Expansion  of  water  (Kopp). 

Tempe- 
rature. 

"Volume 
(Volume  ato°=i) 

Density 
(Density  at  o°=i) 

Volume 
(Volume  at  4°— I) 

Density 
(Density  at  4°  =1} 

/ 

0 
0 

I 

2 

3 

4 

5 
6 

/ 

I'OOOOO 

o'99995 
0*99991 

0*99989 

0*99988 

0-99988 

099990 

I'OOOOOO 

I -000053 
1*000092 
1*000115 
1*000123 
I  0001 17 
1*000097 

1*00012 
1*00007 
1*00003 

I'OOOOI 
I'OOOOO 
I'OOOOI 

I '00003    . 

0*999877 
0-999930 
0-999969 
0*999992 
1*000000 
0-999994 
0-999973 
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Tempe- 

Volume 

Density 

Volume 

Density 

rature. 

(Volume  at  o°=i) 

(Density  at  0"=!) 

(Volume  at  4"=!) 

(Density  at4°=i) 

7 

0-99994 

1*000062 

1*00006 

0-999939 

8 

099999 

1*000014 

1*00011 

0 '999890 

9 

1*00005 

0*999952 

1*00017 

0 '999829 

10 

I '00012 

0-999876 

1*00025 

0999753 

II 

I '00021 

0999785 

1*00034 

0 '999664 

12 

I '00031 

0999686 

100044 

0999562 

13 

I  00043 

0-999572 

1*00055 

0*999449 

14 

I '000^6 
I '00070 

0-999445 

1*00068 

0*999322 

IS 

0*999306 

1*00082 

0*999183 

16 

1*00085 

0-999155 

1*00097 

0*999032 

17 

I'OOIOI 

0*998992 

1*00113 

0*998869 

18 

I  001 18 

0*998817 

1*00131 

0-998695 

19 

1*00137 

0998631 

I  '00149 

0*998509 

20 

1-00157 

0-998435 

i'ooi69 

0*998312 

21 

I  'OOI78 

0*998228 

i'ooi90 

0*998104 

22 

I  00200 

0 '998010 

I'0O2I2 

0*997886 

23 

I '00223 

0997780 

1-00235 

0-997657 

24 

I  '00247 

0*997541 

1*00259 

0*997419 

25 

I  '00271 

.  0997293 

I  '00284 

0*997170 

26 

i'oo295 

0-997035 

I '003 10 

0*996912 

27 

I  00319 

0*996767 

1*00337 

0*996644 

28 

1*00347 

0*996489 

I  00365 

0*996367 

29 

I  '00376 

0*996202 

I  00393 

0*996082 

30 

I '00406 

0*996008 

I  00423 

0-995787 

35 

1*00570 

40 

100753 

45 

I -00954 

50 

I -01 177 

55 

i'oi4io 

60 

I  01659 

• 

65 

I  '01930 

70 

I  '02225 

75 

1*02541 

80 

1*02858 

85 

1*03189 

90 

1*03540 

95 

1-03909 

100 

1*04299 

( 

73.  Zmportanoe  of  tbe  pltenomenoii  In  tbe  economy 
of  nature. — The  fact  that  the  maximum  density  of  water  is  not 
at  0°,  but  at  a  higher  temperature,  is  of  great  importance  in  the 
household  of  nature.  In  winter  the  temperatures  of  lakes  and 
rivers  falls,  in  consequence  of  their  surface  being  in  contact  with 
the  colder  air,  and  also  from  other  causes,  such  as  radiation. 
The  colder  surface  layer  sinks  to  the  bottom,  and  a  continual 
series  of  currents  goes  on  until  the  whole  mass  is  at  a  tempera- 
ture of  4°.    Thence  the  xsooling  on  the  surface  still  continues,  but 
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the  cooled  layers  being  now  lighter  remain  on  the  surface^  and 
ultimately  freeze.  The  ice  formed  thus  protects  the  water  below, 
which  remains  at  a  temperature  of  4°,  even  in  the  most  severe 
winters,  a  temperature  at  which  fishes  and  other  inhabitants  of 
the  waters  are  not  destroyed. 

74.  Saline  solutions. — If  salts  are  dissolved  in  water,  the 
freezing  point  is  lowered,  and  the  anomaly  just  described  gra- 
dually  disappears,  that  is,  the  temperature  of  maximum  density 
approaches  more  and  more  to  the  freezing  pomt  of  the  mixture 
the  more  of  the  solid  is  dissolved  in  proportion  to  the  water.  In 
fact,  the  temperature  of  maximum  density  falls  even  more 
rapidly  than  the  freezing  point,  so  that  for  solutions  containing  a 
certain  proportion  of  salt  the  temperature  of  maximum  density 
is  below  their  freezing  point.  It  is  obvious  that  in  order  to 
show  this  experimentally,  the  solution  must  be  placed  in  circum- 
stances which  will  be  referred  to  further  on,  so  as  to  remain 
liquid  at  a  temperature  below  its  freezing  point.  Despretz  mixed 
different  quantities  of  chloride  of  calcium  with  the  same  quantity 
of  pure  water,  viz.  997  '45  grammes,  and  obtained  the  following 
results  : — 


Quantity  of  Chloride 
of  Calcium 

Density 

Temp,  of  Maximum 
density 

Freezing  point 

Grammes 

o- 

6-173 
12-346 
24-692 

37039 
74-078 

I -000 
1-005 
I -010 
1-020 
1-030 
I -060    • 

0 
4-00 

3 '24 
2.05 

o-o6 

-2-43 

-10-43 

0 
0-00 

-0-38 
-o'53 

—  I-I2 

-3 '92 

-5-28 

75.  Bffect  of  different  density  of  the  different  strata 
In  tlie  same  liquid.  —  It  has  been  already  proved  that  if 
liquids  having  different  specific  gravities  be  placed  in  the  same 
vessel  without  mixing  with  each  other  they  will  arrange  them- 
selves in  strata  according  to  their  specific  gravities,  the  heavier 
being  below  the  lighter.  This  principle  will  seem  to  explain 
several  facts.  If  cold  water  be  poured  into  a  vessel,  a  thermo- 
meter being  immersed  in  it,  and  hot  water  be  carefully  poured 
over  it,  so  as  to  prevent  the  liquids  being  mixed,  the  hot  water 
will  float  on  the  cold.  The  thermometer  immersed  in  the  cold  water 
will  not  rise,  nor  will  a  thermometer  immersed  in  the  hot  water 
falL  But  if  the  water  be  agitated  so  as  to  mix  the  two  strata, 
then  their  temperatures  will  be  equalised  and  the  lower  thermo- 
meter  iriU  rise  and  the  upper  fall.    If,  however,  hot  water  be 
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first  poured  into  the  vessel,  a  thermometer  being  immersed  in 
it,  and  cold  water  be  then  carefully  poured  over  it,  so  as  to  pre- 
vent such  agitation  as  would  cause  the  fluids  to  mix,  and  a  ther- 
mometer be  also  immersed  in  it,  it  will  be  found  that  the  lower 
thermometer  will  rapidly  fall  and  the  higher  one  will  rise  ;  in 
fact,  in  this  case  the  cold  water  descends  through  the  hot  water 
by  its  superior  gravity,  and  the  two  fluids  of  different  tempera- 
tures, in  passing  through  one  another,  become  mixed,  and  the 
whole  mass  takes  an  intermediate  temperature. 

76.  Process  of  lieatiiiir  a  llqnld. — The  process  by  which 
water  is  boiled  by  heat  applied  to  the  bottom  of  a  vessel  is  ex- 
plained on  this  principle.  The  water  in  contact  with  the  bottom 
of  the  vessel  being  heated,  is  expanded,  and  becomes  lighter, 
bulk  for  bulk,  than  the  strata  over  it.  It  therefore  rises,  and 
the  water  above  it  falls,  and,  in  its  turn  being  expanded  by  heat,  is 
made  to  rise.  There  is  thus  a  continual  current  of  the  water 
heated  by  the  fire  upwards,  and  a  counter  current  of  the  colder 
water  forming  the  superior  strata  downwards  ;  and  this  goes 
on  until  all  the  water  in  the  vessel  has  been  raised  to  the 
boiling  point.  To  this  phenomenon  the  name  of  convection  is 
given. 

It  is  easy  to  show  that  any  source  of  heat,  however  intense, 
applied  to  the  upper  surface  of  water,  would  be  incapable  of 
raising  the  temperature  of  the  mass.  Thus,  if  we  suppose  oil  at 
the  temperature  of  1 20°  poured  upon  the  surface  of  water  in  a 
vessel  at  10°,  the  oil  will  float  upon  the  water,  and  a  thin  stra- 
tum of  the  water  in  contact  with  it  will  have  its  temperature 
raised,  and  will  therefore  be  expanded  ;  but,  being  lighter,  bulk 
for  bulk,  than  the  colder  water  under  it,  it  will  still  float  on  the 
top.  No  interchange  of  currents  will  take  place,  by  which  the 
heated  water  forming  the  upper  stratum  can  be  mixed  with  the 
water  forming  the  lower  stratum  ;  and,  as  water  is  a  bad  con- 
ductor of  heat,  as  will  hereafter  be  shown,  the  heat  of  the  oil, 
and  the  stratum  of  water  in  immediate  contact  with  it,  will  not 
be  propagated  downwards.  It  would  be  possible  for  a  lump  of 
ice  to  remain  in  the  bottom  of  such  a  vessel  without  being 
melted,  notwithstanding  the  stratum  of  oil  at  120°  floating  upon 
its  surface. 

77,  Bxperimental  proof. — The  system  of  upward  and  down- 
ward currents  produced  by  heat  applied  to  the  bottom  of  a 
vessel  containing  a  liquid  may  be  rendered  manifest  by  the  fol- 
lowing experiment.  Let  a  tall  jar  {fig.  31)  be  filled  with  cold 
water,  and  let  some  amber  powder  be  thrown  into  it.  The 
partides  of  this  powder  being  equal  in  weight  to  water,  bulk  for 
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bulk,  or  nearly  so,  will  remain  suspended,  and  may  be  seen 
through  the  sides  of  the  vessel.      Let  this  jar  be  immersed 

to  some  depth  in  a  vessel  of  hot  water,  so 
that  the  lowest  strata  of  the  water  in  it  may 
become  gradually  heated.  The  water  in  the 
bottom  of  the  jar  will  now  be  observed  continu- 
ally to  ascend,  carrying  the  amber  particles  with 
it,  while  the  colder  water  in  the  upper  part  will 
descend.  The  contrary  currents  will  be  rendered 
manifest  to  the  eye  by  the  particles  of  amber 
which  they  carry  with  them. 

If  heat  be  applied  to  the  sides  of  the  cylindri- 
cal jar,  but  not  to  the  bottom,  the  water  imme- 
Ci  diately    in  contact   with  the  "sides,    becoming 

n     ^^^'^^  heated,  will  ascend.     The  water  in  the  centre  of 
f         "^    ~j)     the  jar,  on  the  other  hand,  being  removed  from 
pj  the  source  of  heat,  will  retain  its  temperature, 

and  will  of  cotu^e  sink  as  the  water  next  the  side 
rises.  In  this  case,  two  distinct  currents  will  be  seen,  one 
immediately  next  the  surface  of  the  jar  continually  ascending, 
and  the  other  in  the  centre  of  the  jar  pontinually  descending. 

This  may  be  shown  by 
placing  the  cylindrical  glass  jar 
within  another  somewhat  greater 
in  diameter,  and  pouring  a  hot 
liquid  in  the  space  between 
them. 

On  a  small  scale  the  currents 
produced  by  convection  may 
easily  be  observed  by  means  of 
a  test  tube  filled  with  water  and 
held  in  the  edge  of  a  flame,  as 
in  fig,  32.  The  currents  of 
heated  water  are  shown  by  small 
shreds  of  blotting-paper,  a  bit  of  which  is  rubbed  down  in  a 
mortar  with  a  few  drops  of  water,  and  then  thrown  into  the 
test  tube. 

78.  'VTarmlnir  buildlngrs  by  liot  water. — A  section  of  one 
of  the  forms  of  apparatus  used  for  this  purpose  is  shown  in^. 
33.  A  furnace,  F,  is  established  in  the  basement,  surrounded 
by  a  boiler  0  o  of  sufficient  capacity.  From  the  top  of  this 
boiler  a  pipe  a  proceeds  vertically  upwards  to  the  bottom  of  a 
reservoir  b  established  at  the  roof  of  the  building.  This  reser- 
rair  ia  closed  at  the  top,  but  is  provided  with  a  safety  valve  c. 


Fig.  32. 
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which  opens  whenever  the  water  in  b  produces  ateaia  which 
exceeds  e,  oertain.  pressure.  From  the  bottom  of  the  reservoir  B 
two  other  tubes  »  d  descend,  which  communicate  by  branches 
with  lateral  tubes  leading  into  all  the  rooms  to  be  warmed. 
After  passing  through  all  these,  and  being  carried  back  by 
tetum  pipes,  the  series  of  descending  pipes  terminates  at  the 
bottom  of  the  boiler  o  o  whore  they  enter  it. 

Let  us  now  suppose  that  water  is  poured  into  the  n 
until  the  boiler  o  o,  the  entire  series  of  pipes  and  ri 


C(ie/,  placed  in  all  the  rooms  to  be  warmed,  and  the  reservoir  s, 
shall  be  filled.  If  a  fire  be  then  lighted  in  a  furnace  v,  a  cur- 
rent of  heated  water  will  rise  in  the  pipe  a,  and  will  be  replaced 
by  an  equal  quantity  of  cold  water  flowing  inthrough  the  lateral 
pipes  at  the  bottom  of  the  boiler.  In  this  way  there  will  be  a 
continual  interchange  of  hot  water  sent  upwards  through  a,  and 
cold  water  flowing  in  through  the  lateral  fripes,  until  the  entire 
quantity  of  water  filling  the  whole  system  of  pipes  and  the 
reservoir  b  haa  attained  a  certain  temperature. 
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It  will  attain  this  limit  of  temperature  so  soon  as  the  heat 
radiated  from  the  surfaces  of  all  the  pipes  becomes  equal  to  the 
heat  deyeloped  in  the  furnace  f. 

79.  Oeeanle  currents. — Conyection,  caused  by  difference  of 
density  of  the  different  strata  of  the  sea,  is  probably  the  principal 
cause  of  the  currents  of  the  ocean.  In  fact,  the  sea  is  an  enor- 
mous mass  of  liquid  whose  temperature  varies  from  point  to 
point.  Equilibrium  is  consequently  impossible,  and  the  different 
parts  must  therefore  be  in  a  state  of  continual  motion  with 
regard  to  each  other.  The  waters  of  the  tropical  seas  should, 
by  reason  of  their  higher  temperature,  have  a  higher  level  than 
those  of  the  polar  seas  ;  and  the  result  is  a  continual  kind  of 
overflowing  of  the  waters  about  the  equator,  and  consequently  a 
vast  current  setting  towards  the  poles.  But  to  this  current 
evidently  corresponds  a  lower  current  of  cold  water  flowing 
towards  the  equator,  there  to  become  heated,  to  overflow  again, 
and  so  on.  In  general,  wherever  we  have  waters  of  different 
temperatures  or,  what  is  the  same  thing,  of  different  densities, 
there  the  lighter  will  ascend  and  the  heavier  descend  ;  and 
wherever  a  deficiency  takes  place  through  evaporation,  there 
water  will  flow  in  from  the  adjacent  parts  to  make  up  the  defi- 
ciency. But  difference  of  density  may  also  arise  from  different 
degrees  of  saltness,  and  wherever  the  Salter  water  descends  and 
flows  off  as  an  under  current  to  some  fresher  region,  there  at 
the  same  time  will  the  fresher  and  lighter  water  flow  in  from 
above  to  restore  equilibrium.  It  is  from  this  reason  that  the 
subject  of  ocean-currents  is  extremely  complicated,  and  still  a 
point  of  controversy  among  physicists  :  some  attributing  much 
to  aerial  currents,  others  to  unequal  densities  as  arising  from 
different  proportions  of  saline  matter  in  solution  ;  some  to  un- 
equal densities  as  arising  from  polar  and  equatorial  temperatures, 
and  others  again  to  restoration  of  equilibrium  after  certain  areas 
have  been  exposed  to  high  insolation  and  consequent  evapora- 
tion. Any  of  these  may  act  in  different  areas  as  initial  force  ; 
but,  generally  speaking,  unequal  densities,  whether  arising  from 
temperature  or  salinity,  and  evaporation  by  lowering  the  sur- 
face, are  the  main  originators  of  the  movements  in  the  oceanic 
mass,  however  much  these  movements  may  be  subsequently  ac- 
celerated, retarded,  or  diverted  by  winds,  by  the  configuration 
of  coasts,  or  by  inequalities  of  the  sea-bottom. 
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THE   EXPANSION  OF  OASES. 

80.  Dilatation  of  gtuiem, — It  has  been  already  shown  in  the 
treatise  on  *  Hydrostatics,' page  126,  that  the  dimensions  of 
bodies  in  the  gaseous  state  are  dependent  altogether  upon  the 
pressure  under  which  they  are  confined.  They  are  capable  of 
expanding  spontaneously  into  any  dimensions,  however  great, 
and  of  being  reduced  by  greater  pressure  to  any  volume,  how- 
ever small.  It  follows,  therefore,  that  whenever  it  is  required 
to  determine  the  change  of  dimensions  of  gaseous  bodies  pro- 
duced by  change  of  temperature,  it  will  be  necessary  to  provide 
means  of  keeping  them  during  the  experiment  under  a  uniform 
pressure,  since  otherwise  the  change  of  dimensions  due  to  change 
of  pressure  would  be  combined  with  that  which  is  due  to  change 
of  temperature. 

Experimental  enquirers  have  contrived  and  practised  various 
expedients  to  accomplish  this,  one  of  the  first  and  most  simple  of 
which  was  that  originally  due  to  M.  Pouillet,  represented  in^.  34. 
An  iron  syphon  tube  d  c  is  formed  with 
short  legs,  from  the  bottom  of  which  pro- 
ceeds a  pipe  with  a  stop-cock  f,  under 
which  is  placed  a  cistern  or  reservoir  o. 
In  the  legs  of  the  syphon  d  c  are  inserted 
two  glass  tubes  d  e  and  c  b,  of  more  than 
thirty  inches  in  height.  The  tube  d  e  is 
open  at  the  top  ;  the  tube  c  b  is  closed 
at  the  top,  but  has  a  horizontal  branch 
united  to  it  at  b,  which  is  connected  with 
a  tube  A  B  made  of  platinum,  which  ter- 
minates in  a  hollow  ball  a,  also  of  plati- 
num. A  stop-cock  is  provided  in  the  tube 
B  A,  so  as  to  communicate  at  pleasure  with 
the  external  air.  The  stop-cock  f  being 
closed,  and  the  stop-cock  in  the  tube  b  a 
being  open,  mercury  is  poured  into  the 
tube  i>  E,  so  as  to  fill  the  glass  tubes  d  e  and  c  b  nearly  to  the 
top.  Since  the  two  tubes  d  e  and  c  b  both  communicate  with 
the  external  air,  the  columns  of  mercury  in  them  will  stand  at 
the  same  level.     To  determine  the  expansion  which  air  suffers 


c 
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Fig.  34. 
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when  raised  from  the  freezing  to  the  boiling  point  under  a  uni- 
'form  pressure  let  the  reservoir  a  be  immersed  in  a  bath  of 
melting  ice,  so  as  to  reduce  the-air  included  in  it  to  the  freezing 
point.  Let  the  stop-cock  in  the  tube  b  a  be  then  closed,  and  let 
the  bulb  A  be  removed  to  a  bath  of  boiling  water.  The  air  in  the 
bulb,  expanding,  will  press  down  the  column  of  mercury  in  b  c, 
and  will  cause  the  column  in  d  e  to  rise  ;  so  that  the  leyels  of 
the  two  columns  will  no  longer  coincide.  But  they  may  be 
equalised  by  opening  the  stop-cock  f,  and  allowing  mercury  to 
flow  into  the  reservoir  g  from  the  syphon,  until  the  levels  in  the 
two  legs  come  to  the  same  point.  When  that  is  accomplished, 
the  pressure  upon  the  expanded  air  included  in  the  bulb  a,  and 
the  tube  communicating  with  it,  will  be  equal  to  that  of  the 
atmosphere,  and  equal  to  that  which  the  same  air  has  when  at 
the  freezing  point. 

The  capacity  of  the  tube  c  b  being  known,  the  volume  which 
corresponds  to  any  length  of  it  will  be  also  known. 

Now  the  increment  of  volume  which  the  air  has  suffered  by 
expansion  will  be  indicated  by  the  height  through  which  the 
mercury  has  fallen  in  the  tube  c  b.  This  increment,  therefore, 
will  be  the  dilatation  of  the  air  included  in  the  bulb  a  and  the 
communicating  tube,  between  the  freezing  and  boiling  points. 

In  the  same  manner,  by  this  apparatus,  the  dilatation  corre-^ 
sponding  to  any  change  whatever  of  temperature  under  a  given 
pressure  can  be  ascertained. 

8 1.  Silatation  of  all  gtMen  unlfonn. — It  has  been  proved 
by  experiments  made  with  this,  as  well  as  a  variety  of  other 
apparatus  adapted  to  the  same  purpose,  that  the  dilatation  of  all 
bodies  in  the  gaseous  form  is  perfectly  uniform  thrcmghout  the 
whole  extent  of  the  thermometric  scahy  the  same  increments  of 
temperature  producing,  under  the  same  pressure,  equal  incre- 
ments of  volume.  But,  what  is  still  more  remarkable,  it  has 
been  found  that  all  gases  whatever,  as  well  as  al]  vapours  raised 
from  liquids  by  heat,  a/re  sxibject  to  exactly  the  same  quantity  of 
expansion  by  the  same  cha/nge  of  temperature.^ 

82.  Gay-Ziiuisao's  method  of  determining'  the  expansion 
of  gases. — The  first  tolerably  accurate  determinations  of  the 
coefficients  of  expansion  of  gaseous  bodies  were  made  by  Gay- 
Lussac.  He  used  in  his  experiments  a  vessel  shaped  much  like 
a  thermometer,  having  a  bulb  about  i  centimetre  in  diameter, 
and  a  tube  about  30  or  40  centimetres  long,  and  i  or  1*5  milli- 
metres wide.  The  tube  was  divided  into  lengths  of  equal 
capacity,  and  the  proportion  between  the  total  capacity  of  the 
bulb  and  that  of  one  division  of  the  tube  was  accurately  deter- 
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mined.  The  apparatiis  having  been  filled  with  air  dried  by 
passing  through  a  chloride  of  calcium  tube,  a  drop  of  mercury, 
occupying  a  short  length  of  the  divided  tube,  was  employed  to 
cut  off  the  enclosed  air  from  communication  with  the  atmosphere, 
and  at  the  same  time  to  serve  as  an  index  whereby  to  read  off 
its  volume.  The  bulb  was  then  fixed,  with  the  stem  horizontal 
and  projecting  through  the  side,  in  a  vessel  filled  with  water, 
through  the  medium  of  which  it  could  be  heated  to  various 
temperatures.  The  volumes  occupied  by  the  air  at  each  tem- 
perature could  be  read  off  upon  the  divided  tube  by  noting  the 
position  of  the  little  column  of  mercury ;  but  the  volimies  thus 
determined  required  to  be  corrected  (a)  for  the  expansion  of  the 
glass,  (6)  for  the  lower  temperature  of  the  portion  of  air  con- 
tained in  the  part  of  the  tube  outside  the  water  bath,  and  (c)  for 
the  possible  alteration  of  barometric  pressure  during  the  experi- 
ment. Independently  of  these  latter  alterations,  which  were 
always  very  inconsiderable,  the  pressure  upon  the  gas  remained 
constant  during  the  experiment :  it  was  the  volume  that  changed. 
Applying  the  same  method  to  other  gases  and  to  vapour,  Gay- 
Lussac  concluded  that  all  gases  and  vapours  (at  temperatures 
sufSciently  removed  from  their  points  of  liquefaction)  expanded 
by  heat  to  the  same  extent ;  that,  namely,  when  heated  from 
o°  to  1 00°  C.  they  expanded  in  the  proportion  of  i  :  i  '375,  or  for 
1°  C.  by  0*00375  =5|y  of  their  volume  at  0° 

83.  Rudbery's  researolies.— The  experiments  of  Gay-Lus- 
sac,  the  results  of  which  were  in  accordance  with  those  subse- 
quently obtained  by  Dulong  and  Petit,  established  the  fact  that 
all  gases,  as  well  as  all  vapours,  undergo  equal  changes  of 
volume  by  equal  increments  of  temperature,  the  coefficients  of 
the  expansion  of  atmospheric  air  being  common  to  all. 

The  confidence  which  these  results  naturally  excited  in  con- 
sequence of  the  high  reputation  of  the  author  was  still  further 
increased  by  the  confirmation  which  they  received  at  the  hands  of 
Dulong  and  Petit,  and  also  because  it  was  considered  probable,  on 
theoretical  grounds,  that  in  substances  in  which  cohesive  force  no 
longer  existed  the  expansive  action  of  heat  should  be  indepen- 
dent of  chemical  composition.  Hence,  when  the  Swedish 
physicist  Rudberg  announced,  as  the  result  of  his  own  more 
accurate  experiments,  that  the  coefficient  of  expansion  found  by 
Gay-Lussac  was  considerably  too  high,  the  statement  was  at  first 
received  with  hesitation. 

Rudberg  first  called  in  question  the  correctness  of  the  prin- 
ciple that  the  coefficient  of  expansion  of  all  gases  is  exactly 
equal  to  that  of  air,  and  he  not  only  showed  that  the  coefficient 
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of  the  expansion  of  atmospheric  air  previously  determined  was 
inexact,  but  that  other  gases,  though  nearly  equal  in  their  rates 
of  expansion  to  each  other  and  to  atmospheric  air,  were  not 
precisely  so.  From  the  results  obtained  by  Gay-Lussac,  and 
the  law  of  Mariotte  (see  Hydrostatics,  page  155),  it  follows  that, 
in  a  perfect  gas,  volume,  pressure,  and  temperature  would  be 
related  to  each  other  in  the  manner  expressed  by  the  equation 

pv  =  J(a  +  t), (a), 

where  v  is  the  volume  of  a  given  weight  of  the  gas  at  the  tem- 
perature t  and  under,  the  pressure  p,  and  J  and  a  are  con- 
stants. Hence,  if  v'  were  the  volume  of  the  same  weight  of  the 
same  gas  corresponding  to  any  other  pressure,  p\  and  tempera- 
ture, r,  we  should  have 

pVa  +  i/    •        •        •        •        •     W- 

No  absolutely  perfect  gas,  however,  is  known  in  nature ;  so 
that,  according  to  the  best  experiments,  the  values  of  a,  which 
correspond  to  different  values  of  p,  v,  and  t,  are  not  quite  con- 
stant, but  vary  slightly,  not  only  with  variations  of  these 
factors,  but  also  according  to  the  nature  of  the  gas.  The  pro- 
perties of  air,  however,  and  the  other  non-condensable  gases, 
accord  so  nearly  with  the  above  formulas  that,  except  in  cases 
where  extreme  accuracy  is  required,  the  accord  may  be  con- 
Bidered  perfect. 

If  in  the  above  equation  (6)  we  make  p  —p\  we  get 

which  means,  that  -  is  the  coefficient  of  expansion  of  the  gas 

under  constant  pressure,  or  the  amount  by  which  that  quantity 
of  gas  which  occupies  a  unit  of  volume  at  0°  expands,  under 
constant  pressure,  when  its  temperature  is  raised  i  degree. 
Similarly,  by  making  i?  =  «',  we  have 

a    p't  +  pt'^ 

or  -  is  the  coefficient  of  expansion  of  the  gas  under  constant 
a 

volume,  or,  more  correctly  (since  when  v^^v'  no  actual  expan- 
sion can  take  place),  -  is  the  coefficient  of  increase  of  elasticity 

under  a  constant  volume,  for  a  rise  of  temperature  of  one 
degree  of  a  gas  whose  elasticity  at  0°  C.  is  unity,  for  a  perfect 
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gas  these  two  values  of  -  would  obviously  be  equal.  Jtudberg 
determined  the  value  of  the  coefficient  of  expansion  of  air 
(-J  between  0°  and  looPC  by  two  series  of  experiments.     In 

the  first  he  determined  the  contraction  undergone  by  a  given 
quantity  of  air  on  cooling  from  icx>°  to  0°  under  a  nearly  con- 
stant pressure  ;  in  the  second,  the  difference  in  the  elastic  force 
at  cP  and  100°  of  a  quantity  of  air  kept  at  the  same  volume  at 
the  two  temperatures.  Making  t  and  t^  in  equations  (c)  and  (d) 
respectively  =  icx)  and  o,  the  results  of  his  experiments  may  be 
stated  as  follows: — The  mean  of  twelve  experiments  by  the  first 
method  gave  for  the  coefficient  of  expansion  under  constant 
pressure — 

£=2r^= 0-003648 -J-. 

a     1001/  274 

The  mean  of  ten  experiments  by  the  second  method  gave  for  the 
coefficient  of  expansion  at  constant  volume — 

I  ^p-p  -  o-cx>3646  =  -L. 
a     loop'  274 

a  result  identical  with  the  preceding. 

84.  Regrnanlt's  experiments^ — ^More  recently  the  expansion 
of  air  and  other  gases  has  been  again  made  the  subject  of  elabo- 
rate experiments  by  Kegnault,  who  made  five  series  of  experi- 
ments by  methods  more  or  less  distinct.  His  first  method  was 
the  same  as  the  first  method  employed  by  Rudberg.  It  con- 
sisted in  heating  a  cylindrical  glass  vessel  of  known  capacity, 
about  2  '5  or  3  centimetres  wide,  and  about  1 1  centimetres  long, 
filled  witii  dry  air,  to  100° ;  sealing  it  hermetically  at  that  tempe- 
rature ;  then  cooling  it  to  0°,  and  observing  the  quantity  of 
mercury  which  entered  on  breaking  off  the  point  of  the  instru- 
ment under  the  surface  of  that  metal.  The  apparatus  employed 
and  the  method  of  experimenting  were,  in  fact,  exactly  the  same 
as  in  determining  a  temperature  by  means  of  an  air  thermometer 
quite  similar  to  the  weight-thermometer  already  described  (Art. 
47),  for  it  is  obvious  that  the  same  experiment  which,  the  co- 
efficient of  expansion  of  air  being  known,  serves  to  determine  the 
temperature  at  which  the  air  thermometer  is  sealed,  would,  if  this 
temperature  were  known,  serve  for  the  determination  of  the  co- 
efficient of  expansion.  ^ 

The  second  set  of  determinations  was  made  by  a  method 
only  slightly  different  from  the  first,  the  only  essential  difference 
in  the  apparatus  being  that  the  tube  connected  with  the  air 
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reservoir  was  about  40  centimetres  (16  inches)  long,  and  that  a 
pottion  of  it,  about  two  inches  long  and  separated  from  the  air 
reservoir  by  about  four  inches,  was  wide  enough  to  produce  only 
a  very  slight  capillary  depression  in  a  column  of  mercury.  The 
effect  of  this  modification  of  the  apparatus  was  that  when,  after 
being  heated  to  100°  and  sealed  at  that  temperature,  the  instru- 
ment was  placed  with  the  tube  pointing  vertically  downwards 
and  with  the  point  dipping  into  mercury,  the  mercury  rose  only 


a 


nt 


TV 


u  u 

Pig.  35. 

as  far  as  the  wide  part  of  the  tube  on  breaking  off  the  point, 
and  did  not  reach  the  reservoir  at  all.  Hence  the  space  occupied 
by  the  air  at  zero  differed  from  that  which  it  had  occupied  at 
100°  only  by  the  capacity  of  that  portion  of  the  tube  which 
became  filled  with  mercury  on  opening  the  point  ;  and  since  the 
diameter  of  the  tube  was,  with  the  exception  of  the  wider  por- 
tion already  mentioned,  very  small,  this  capacity  bore  a  small 
proportion  to  the  total  capacity  of  the  instrument.  The  experi- 
ment consisted  therefore  essentia^y  in  a  determination  of  the 
difference  of  the  elastic  force  of  the  air  at  the  two  temperatures. 
In  the  third  and  foiui;h  sets  of  experiments,  the  air-reservoir  was 
made  to  communicate  with  a  manometer,  whereby  the  pressure 
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upon  the  enclosed  air  could  be  varied  at  will  and  accurately 
measured.  The  pressures  were  so  regulated  that  the  air  was 
caused  to  occupy  accurately  the  same  volume  at  o°  and  looP,  and 
the  differences  of  pressure  required  were  determined.  The  ap- 
paratus for  the  third  series  of  experiments  was  copied,  with 
some  improvements  of  detail,  from  that  employed  by  Rudberg 
in  his  second  series.  The  apparatus  for  the  fourth  series  was 
the  same  in  principle,  but  its  construction  was  such  that  the 
pressure  upon  the  air  could  be  determined  with  still  greater 
accuracy  than  was  possible  with  the  preceding  apparatus. 

The  general  principles  on  which  the  apparatus  is  constructed 
and  employed,  will  appear  from  Jig.  35.  a  is  a  glass  balloon,  of 
which  the  volume  v  at  0°  has  been  measured.  It  is  joined  to 
the  bent  tube  b,  which  contains  mercury  up  to  the  level  a  in  both 
branches.  The  capacity,  v,  of  the  portion  of  the  tube  a  6  is 
also  ascertained,  s  is  a  stopcock  with  three  channels,  leading 
respectively  to  a  b,  and  through  a  series  of  drying  tubes,  u  u, 
filled  with  chloride  of  calcium,  to  the  pump,  p,  which  may  be 
used  either  for  exhausting  or  compressing  the  air  in  a. 

At  starting  the  balloon  a  is  filled  with  dry  air  at  0°,  and  the 
temperature  t  of  the  air  is  noted.     The  volume  of  air  in  a  6 

reduced  to  o°is  =^^i -^,  k  being  the  coefficient  of  expansion 

of  glass,  and  a  that  of  air.  The  total  volume  of  air  up  to  the 
mercury,  in  the  tube  is  thus  at  0° 

V  +1?^ i 

I  +a* 

at  the  pressure  of  the  atmosphere  at  the  time,  h,  which  is  noted. 
The  balloon  is  now  raised  to  a  temperature  t,  and  the  tempera- 
ture and  pressure  of  the  air,  V  and  h',  are  again  observed.  The 
volume  V  of  glass  balloon  is  now  v  (i  +kT)  and  the  volume  of 

air  which  it  contains,  reduced  to  0°  is  v  ^ L    Similarly  the 

I  +  iiT 

volume  of  air  contained  in  a  6,  reduced  to  0°,  is  v  ^ 1.  Mer- 

l+af 

cury  is  now  added  in  the  open  branch  m  n,  so  as  to  cause  it  to 

rise  again  to  a,  and  the  height  of  the  column  in  the  left  branch  of 

the  tube  above  a,  a  his  observed  ;  let  it  be  denoted  by  h.    The  air 

in  the  balloon  now  occupies  the  same  volume  as  originally,  when 

the  temperature  was  <,  and  the  pressure  was  h,  but  it  is  under 

a  higher  pressure,  viz.  h'  +  hy  and  at  a  different  temperature  ; 

and  as  according  to  the  law  of  Boyle  and  Mariotte  the  product 

o 
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of  the  volume  of  a  gas  into  the  pressure  under  which  it  exists 
is  constant,  we  have 

V  I  +  a<  /  L       I  +  aT  I  +  af  J 

from  which  a  may  be  calculated. 

In  the  fifth  set  of  experiments,  the  pressure  upon  the  air  re- 
mained constant,  and  the  alteration  of  volume  was  determined 
by  weighing  the  quantity  of  mercury  which  filled  the  space  into 
which  it  expanded. 

The  mean  results  of  numerous  experiments  made  by  each  of 
these  processes  were  as  follows  : — If  p^  and  v^  represent  respec- 
tively the  pressure  and  volume  of  the  air  at  o°,  and  ^j  and  v^  its 

pressure  and  volume  at  ioo°,  the  value  of  ^iJ!i- was — 

By  the  first  series i  '36623 

•    I '36633 


„  second  series 

„  third  series 

„  fourth  series 

„  fifth  series 


1-36679 
136650 
1*36706 


In  the  second,  third,  and  fourth  series,  the  expansion  was 
calculated  from  the  change  of  elastic  force  undergone  by  the 
same  volume  of  air  when  its  temperature  changed  between  0° 
and  icx>° ;  in  the  experiments  made  by  the  first  method,  both 
pressure  and  volume  changed  considerably,  so  that  they  gave  a 
mixed  result.  From  the  consideration  of  all  the  experiments 
by  the  first  four  methods,  Regnault  adopts  for  the  coefficient  of 
expansion  of  air,  under  constant  volume,  for  one  degree  Centi- 
grade between  0°  and  100°,  the  number 

0*003665  = = nearly. 

272-9       273  '^ 

This  result  agrees  precisely  with  that  obtained  by  Magnus. 
For  the  coefficient  of  expansion  of  air  under  constant  pres- 
sure Regnault  adopts  the  number 

0*00367 

given  by  the  experiments,  of  the  fifth  series. 

Similar  experiments  extended  to  other  gases  gave  the  mean 
results  recorded  in  the  following  table,  in  which  are  also  included 
the  results  obtained  by  Magnus  : — 
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Table  ofExpomsion  of  Ocues  between  oP  and  100°  ai  ordinary 

Pressures, 


Name  of  Oas 

At  constant 
Yolmne 

Volnmeato^B 

I'OOOO 

At  constant 
pressure       | 

• 

Begnanlt 

Magnns 

Begnanlt 

Hydrogen 

1*3667 

1*3657 

1*3661 

Air          .... 

1-3665 

13665 

1-3670 

Nitrogen. 

1*3668 

— 

— 

Carbonic  Oxide 

1*3667 

— 

1*3669 

Carbonic  Anhydride 

1*3688 

1-3691 

1-3710         . 

Nitrous  Oxide 

1*3676 

— 

1*3719         ' 

Sulphurous  Anhydride  . 

1-3845 

1-3856 

1-3903 

Cyanogen 

1-3829 

^^* 

1*3877 

85.  Bxpanslon  of  gBMem  at  pressares  different  firom  that 
of  the  atmosphere. — The  foregoing  results  are  all  deduced  from 
experiments  in  which  the  gases  operated  upon  were  subject  to 
pressures  differing  but  little  from  the  ordinary  pressure  of  the 
atmosphere.  In  another  investigation  Regnault  determined 
the  coefficients  of  expansion  of  air  and  some  other  gases  at  pres- 
sures considerably  different  from  that  of  the  atmosphere.  The 
following  table  gives  the  mean  results  : 

Table  ofExpa/nsion  of  Oases  between  cP  and  100®  ai  Various 

Pressures, 

Air. 


Ck)nstant  Volume 

Density 
(Density  of  air  at  0® 
and  760  mm.  pres- 
sure ss  z) 

Pressure  in 
millimetres 

0-1444 
0-4937 

I'OOOO 

2*2084 
2*8213 
4*8100 

1*36482 
1*36572 
1*36650 
1-36760 

1-36894 
1*37091 

760 

2525 
2620 

I -36706 
1-36944 
1*36964 

o2 
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Carbonic  Anhydride, 


Constant  Yoluine 

Constant  Pressure 

Density 

(Densit}'  of  carbonic 

anhydride  at  o°  and 

760  mm.  pressure 

=  x) 

Pressure  in 
millimetres 

I'OOOO 

1        I -1879 

2-2976 

I        47318 

1 

1-36856 

136943 
I  37523 

1-38598 

760 
2520 

1-37099 
1-38455 

Eiydrogen. 


8nlphur(nts  Anhydride. 


I 

j                   Constant  Pressure 

1 

Constant  Pressure 

1 

1  Pressure  in  milli- 

Pressure  in  milli- 
metres 

1           metres 

i               760 
2545 

I -36613 
I  -36616 

760 
985 

1-3903 
1-3984 

Thiis,  under  3J  atmospheres  the  dilatation  of  hydrogen  re- 
mains unvaried,  but  the  dilatation  of  air  increases  from  0*367 
to  0*369,  and  that  of  carbonic  acid  from  0*371  to  0*385,  while 
the  dilatation  of  sulphurous  acid,  imder  a  pressure  of  only  one 
atmosphere,  increases  from  0*390  to  0*398. 

Thus  it  appears  that  although  it  be  certain  that  the  gases  are 
subject  to  a  small  difference  in  their  rates  of  dilatation,  and  also 
that  the  rate  of  dilatation  of  the  same  gas  is  not  absolutely  the 
same  at  different  pressures,  yet  the  inequality  and  variations 
are  such  as  may  be  disregarded  for  all  practical  purposes  ;  and 
it  may  be  assumed  that  all  gases  and  all  vapours  dilate  uniformly, 
and  in  the  same  degree  as  atmospheric  air. 

86.  Application  of  resnlts. — The  increment  of  volume  of 
any  gas  between  0°  and  100°  may  thus  be  taken  as  the  j^^ooS*^ 
part  of  its  volume  at  0°,  or  more  than  one-third  of  the  latter.  It 
follows  that  ten  cubic  inches  of  atmospheric  air  at  o**  will,  if 
raised  to  the  temperature  of  100°,  become,  by  dilatation,  nearly 
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13/5  cubic  inches  ;  and^for  every  additional  100°  of  temperature 
which  it  receives  it  will  undergo  a  like  increase  of  volume. 

To  find  the  increment  of  volume  corresponding  to  one  degree 
of  temperature  on  the  Centigrade  scale,  we  have  only  to  divide 
the  fraction  {^^^  by  100,  which  gives  y  "oVoo*  or  5^3  ;  while  by 
dividing  the  same  fraction  by  180  we  find  the  increment  for  one 
degree  on  Fahrenheit* a  scale  to  be  jjj  of  the  volume  at  0°. 

The  following  formulae  will  serve  to  calculate  the  change  of 
volume  which  atmospheric  air,  or  any  other  gas  which  dilates 
equally  with  it,  undergoes  for  any  proposed  change  of  tempera- 
ture. 

Let  V  express  a  volume  of  air  at  o^ 

Let  V  express  its  volume  when  raised  to  a  temperature  which 
exceeds  o**  by  a  number  of  degrees  expressed  by  t. 

The  increment  of  volume,  therefore,  corresponding  to  the 
increment  of  temperature  expressed  by  t  will  be  v  —  v ;    and 

since  the  increment  of  volume  corresponding  to  i**  is  — ,  the 

increment  corresponding  to  t  degrees  will  be x  t.     We  shall 

therefore  have 


and  consequently 


V- »  = X  T ; 

273 


(  I  +  —  )  X    V, 

V      273/ 


In  this  case  the  gas  has  been  supposed  to  be  submitted  to 
an  increase  of  temperature.  If  it  be  reduced  to  a  lower  tem- 
perature, it  will  suffer  a  decrement  of  volume,  expressed  by 
v  —  y  ;  and  if  t  express  the  number  of  degrees  below  o**  to  which 

it  is  reduced,  the  decrement  of  volume  for  1°  being  — ,  the  de- 

273' 

crement  for  t  degrees  will  be  as  before,  —  x  t,   and  we  shall 

273 

have 

V 
V— v« X  T, 

273 


from  which  we  find, 


0--) 


x  V, 

273' 


If,  therefore,  the  volume  of  a  gas  at  0°  be  known,  its  volume 
at  any  other  temperature  above  or  below  oP  may  be  calculated. 


86    GENERAL  EFFECTS  OF  HEAT  UPON  BODIES. 

By  Bubstituting  the  number  491  for  273  in  any  of  the  pre- 
ceding formulae  the  volumee  of  gases  may  be  calculated  for  tem- 
petatnrea  observed  by  Fahrenheit's  thenuonieter.  They  may 
obviously  be  found  by  the  following 

IHwle  the  difference  between  the  niimber  of  degreea  in  the  tent' 
peraUtre  and  32°  61/491.  Add  the  qitotieiit  to  I  if  the  tempera- 
ture be  above  32°,  aitd  subtract  if  from  1  if  it  be  below  32°.  MiU- 
Uply  the  volutne  of  the  gas  at  32°  by  (ft*  resulting  number,  and  the 
product  joiH  be  the  voltitne  of  the  gaa  at  the  proposed  temperature. 

In  the  columns  v  of  the  following  table  are  expressed  in 
cubic  inches  the  volumes  which  a  thousand  cubic  inches  of  air 
at  32°  will  have  at  the  temporaturea  eipressed  in  the  columns 
T,  being  supposed  to  be  maintained  under  the  same  pressure. 
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The  figures  in  this  table  may  easily  be  adapted  to  any  other 
thermometricHcale  by  means  of  the  fomHiliB  given  in  article  24, 
or  with  the  help  of  the  table  on  pages  17  and  18.  Again,  the 
volume  1,000  at  32°  Fahrenheit  may  stand  for  1,000  cnhic 
centimetres,  or  1  *ooo  litre,  and  thus,  by  cutting  off  three 
decimak  from  any  integer  which  gives  the  volume  in  cubic 
inches  corresponding  to  any  temperature,  the  same  volume  in 
litres  may  at  once  be  found  by  inspection. 

87.  Znereftse  of  preBaare  dne  to  Inoreaae  of  temper*- 
tnre. — If  air  or  gas  be  included  within  any  limits  which  prevent 
its  expansion  by  increase  of  temperature,  its  elastic  force  or 
pressure  will  be  increased  in  the  same  proportion  as  its  volume 
would  be  increased  if  it  were  not  thus  confined.  Thus  if  a  cer- 
tain quantity  of  air  confined  under  a  given  pressure  receive  such 
an  increase  of  temperature  as  would  cause  it  to  expand  into 
double  its  volume,  and  if,  after  haring  so  expanded,  it  be 
subject  to  such  an  increased  pressure  as  will  reduce  it  to  its 
primitive  volume,  it  will  aoquire  double  its  primitive  pressure. 
This  follows  from  the  principle  already  established,  that  the 
pressure  of  air  and  gas  is  inversely  as  the  volume  into  which 
they  are  compressed. 

It  will  be  convenient,  however,  to  establish  general  formulae 
by  which  the  relation  between  the  volume  and  temperature  of 
the  same  gases  under  different  pressures  may  be  expressed,  so 
that  the  volume  at  any  given  temperature  and  pressure  being 
given,  the  volume  at  any  other  temperature  and  pressure  may 
be  obtained. 

It  has  been  already  shown  that  at  the  same  temperature  the 
volume  will  be  inversely  as  the  pressure ;  so  that  if  v  and  v' 
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be  two  volumes  at  the  same  temperature  and  under  the  pres- 
sures p  and  p',  we  shall  have 


and  therefore 


V  :  v' : :  p' :  p ; 


V'  =  V  X  L. 


Hence  it  follows,  that  if  the  same  quantity  of  air  or  gas  be 
simultaneously  submitted  to  changes  of  temperature  and  pres- 
sure, the  relation  between  its  volumes,  pressures,  and  tempera- 
tures will  be  expressed  by  the  general  formula 

V  _273  +  T   ^P^. 
V'      273 +  T''      P   ' 

where  t  and  t'  express  the  number  of  degrees  above  or  below  0° 
at  which  the  temperature  stands,  +  being  used  when  above  and 
—  when  below  0°,  and  the  pressures  being  expressed  in  the  usual 
manner  by  p  and  p'. 

By  this  formula,  the  volume  of  a  gas  at  any  proposed  tem- 
perature and  pressure  may  be  found,  if  its  volume  at  any  other 
temperature  and  pressure  be  given. 

It  follows  from  these  considerations  that,  in  stating  the 
dbsolute  density  of  a  gas,  it  is  very  important  to  specify  the 
temperature  and  pressure  at  which  we  suppose  it  to  be  taken  ; 
on  the  other  hand,  in  stating  the  relative  density  or  specific 
gravity  of  a  gas,  as  compared  with  any  other  gas  which  is 
taken  as  a  standard  substance,  it  must  be  understood  that  the 
gas  is  at  the  same  temperature  and  pressure  as  the  standard 
gas  with  which  it  is  compared,  and  it  is  further  necessary  to 
specify  the  temperature  and  pressure  at  which  the  comparison 
has  actually  been  made,  since  the  laws  of  Boyle  and  Gay-Lussac 
are  only  approximately  true. 

The  methods  of  calculating  specific  gravities  of  gases  from 
actual  experiments  are  described  in  detail  in  the  Pboblems  at 
the  end  of  this  work. 

88.  Practical  applications  of  tbe  expansion  of  irases. — 
The  expansion  and  contraction  of  air  explain  a  multitude  of 
phenomena  which  present  themselves  in  the  natural  world,  in 
domestic  economy,  and  in  the  arts. 

In  the  ventilation  and  warming  of  buildings,  the  entire  pro- 
cess, whatever  expedients  may  be  adopted,  is  dependent  upon 
this  principle.  When  a  fire  is  lighted  in  an  open  stove  to  warm 
a  room,  the  smoke  and  the  gaseous  products  of  combustion, 
ascending  the  chimney,  soon  fill  the  fine  with  a  column  of  air  so 
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expanded  by  heat  as  to  be  lighter,  bulk  for  bulk,  than  a  dhnilar 
column  of  atmospheric  air.  Such  a  column,  therefore^  will  have 
a  buoyancy  proportional  to  its  relative  lightness.  This  upward 
tendency  is  what  constitutes  the  draught  of  the  chimney ;  and  this 
draught  will  accordingly  be  strong  and  effective  in  just  the  same 
proportion  as  the  column  of  air  in  the  chimney  is  kept  warm. 
When  the  fire  is  first  lighted,  the  chimney  being  filled  with  cold 
air,  there  is  no  draught,  and,  consequently,  the  flame  and  smoke 
often  issue  into  the  room.  According  as  the  column  of  air  in 
the  chimney  becomes  gradually  warm,  the  draught  is  produced 
and  increased.  The  draught  is  sometimes  stimulated  bjr  holding 
burning  fuel  for  some  time  in  the  flue,  so  as  to  warm  the  lower 
strata  of  air  in  it. 

But  the  most  effectual  method  of  stimulating  the  draught  when 
the  fire  is  lighted  is  by  what  is  called  a  blower,  which  is  a  sheet 
of  iron  that  stops  up  the  space  above  the  grate  bars,  and  pre- 
vents any  air  from  entering  the  chimney  except  that  which 
passes  through  the  fuel  and  produces  the  combustion.  This 
soon  causes  the  column  of  air  in  the  chimney  to  become  lieated, 
and  a  draught  of  considerable  force  is  speedily  produced  through 
the  fire. 

From  the  principles  explained  in  the  volume  on  Hydro- 
statics, articles  145  and  155,  we  may  derive  a  numerical 
expression  for  the  velocity  of  the  upward  current  in  chimneys. 
Suppose  the  chimney  to  he  cylindrical  and  its  height  to  be  h. 
Let  the  temperature  of  air  within  the  chimney  be  supposed  to 
be  uniform  and  equal  to  f  degrees,  while  that  of  the  exteraal  air 
is  t.  Then  from  Torricelli's  theorem,  as  stated  in  the  above 
articles,  the  square  of  the  linear  velocity  of  efflux  is  given  by 
the  formulas 

where  h  is  the  length  of  the  vertical  column  of  fluid  which  pro- 
duces efflux  by  its  pressure.  In  the  present  case  thia  column 
is  the  difference  between  h,  which  is  the  height  of  air  within 
the  chimney,  and  the  height  which  a  column  of  the  external 
air  of  original  height  H  would  have  if  expanded  upwards  by 
raising  its  temperature  from  t  to  f.     This  latter  height  is 

H(i+aif) 
l+at     ' 

where  a  is  the  coefficient  of  expansion  of  air,  =  '003665.  The 
height  of  the  pressing  column  is  therefore 

I  +a  <      -H-      I  ^cH 
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Hence  the  velocity  of  the  CDirent  up  the  chimney  is  given  by 

2  g  ua  {f-t) 


r»  = 


l+at 


In  consequence  of  our  n^lecting  to  take  account  of  friction  and 
eddies,  this  result  is  in  excess  of  the  truth,  but  it  is  sufficiently 
near  it  to  explain  the  principal  circumstances  on  which  the 
strength  of  draught  depends,  viz.,  that  the  draught  increases 
with  the  height  h  of  the  chimney,  and  also  with  the  difference 
f'-t  between  the  internal  and  external  temperatures. 

An  open  chimney  differs  from  a  dose  stove,  inasmuch  as  the 
former  serves  the  double  purpose  of  warming  and  ventilating 
the  room,  whereas  the  latter  only  warms,  and  can  scarcely  be 
said  to  ventilate.  In  a  dose  stove,  no  air  passes  through  the 
room  to  the  flue  of  the  chimney,  except  that  which  passes 
tJirough  the  fuel,  and  that  is  necessarily  limited  in  quantity  by 
the  rate  of  combustion  maintained  in  the  stove.  In  an  open 
fire-place,  on  the  other  hand,  two  independent  currents  of  air 
pass  into  the  fiue :  one  is  that  which  passes  through  the  fuel  and 
maintains  the  combustion,  and  the  other,  which  is  far  more  con* 
siderable  in  quantity,  is  that  which  passes  through  the  opening 
of  the  fire-place  above  the  grate. 

The  temperature  of  the  column  in  the  flue  is  due  entirely  to 
the  former,  and  the  activity  of  the  combustion  will  be  deter- 
mined by  the  relative  magnitudes  of  the  grate  and  the  space 
above  it ;  these  two  magnitudes  representing  the  proportion  in 
which  the  open  stove  serves  the  two  purposes  of  warming  and 
ventilation,  the  grate  representing  the  function  of  warming,  and 
the  space  above  it  the  function  of  ventilating.  Even  when -there 
is  no  fire  lighted  in  the  grate,  the  column  of  air  in  the  chimney 
is  in  general  at  a  higher  temperature  than  the  external  air,  and 
a  current  will  therefore  in  such  cas&  be  established  up  the  chim- 
ney, so  that  the  fire-place  will  still  serve,  even  in  the  absence  of 
fire,  the  purposes  of  ventilation.  In  very  warm  weather,  how- 
ever, when  the  external  air  is  at  a  higher  temperature  than  the 
air  within  the  building,  the  effects  are  reversed  ;  and  the  air  in 
the  chimney  being  cooled,  and  therefore  heavier  than  the  ex- 
ternal air,  a  downward  current  is  established,  which  produces 
in  the  room  the  odour  of  soot.  To  prevent  this,  a  trap  or  valve 
is  usually  provided  in  it,  which  can  be  closed  at  pleasure  so  as 
to  intercept  the  current.  It  should  be  observed,  however,  that 
this  trap  should  only  be  closed  when  a  downward  current  is 
established ;  since,  at  other  times,  even  in  the  absence  of  fire, 
the  ventilation  of  the  apartment  is  maintained. 
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In  all  apparatus  adapted  to  warm  buildings,  the  fact  that 
warm  air  is  more  expanded,  and  therefore  lighter,  bulk  for 
bulk,  than  cool  air,  requires  to  be  attended  to.  It  is  usual  to 
admit  the  warm  air  through  apertures  placed  in  the  lower  parts 
of  a  room,  because  it  will  ascend  by  its  buoyancy  and  mix  with 
the  colder  air,  whereas  if  it  were  admitted  by  apertures  near  the 
ceiling  it  would  form  strata  in  the  upper  part  of  the  room,  and 
would  escape  at  any  apertures  which  might  be  found  there. 
But  if  there  be  means  of  escape  only  in  the  lower  part  of  the 
room,  then  the  strata  of  warm  air  let  in  above  will  gradually 
press  down  upon  the  cool  air  below  and  force  it  out  through  the 
chimney,  doors,  windows,  or  other  apertures. 

In  general,  the  air  contained  in  an  apartment  collects  in  strata 
arranged  according  to  its  temperature,  the  hotter  air  collecting 
near  the  ceiling,  and  the  strata  decreasing  in  temperature  down- 
wards. Thermometers  placed  at  different  heights  between  the 
floor  and  the  ceiling  would  accordingly  show  different  tempera- 
tures. The  difference  of  these  temperatures  is  sometimes  so 
considerable  that  flies  will  continue  to  live  in  one  stratum 
which  would  perish  in  another. 

If  the  door  of  an  apartment  be  open  it  will  be  found  that 
two  currents  are  established  through  it,  the  lower  current  flow- 
ing inwards  and  the  upper  outwards.  If  a  candle  be  held  in  the 
doorway  near  the  floor,  it  will  be  found  that  the  flame  will  be 
blown  inwards  ;  but  if  it  be  raised  nearly  to  the  top  of  the  door- 
way, the  flame  will  be  blown  outwards.  The  warm  air  in  this 
case  flows  out  at  the  top,  while  the  cold  air  flows  in  at  the 
bottom. 

89.  liramiing:  bolldingrs  by  beated  air. — ^Although  open 
fire-places  placed  in  dwelling-rooms  are  agreeable  to  the  eye,  and 
healthful  so  far  as  they  generally  ensure  an  efficient  ventilation, 
they  are  extremely  costly,  an  enormous  proportion  of  the  heat 
developed  by  the  fuel  passing  up  the  chimney  without  in  any 
way  contributing  to  the  warmth  of  the  room.  In  public  build- 
ings and  other  places,  where  all  the  apartments  can  be  warmed 
by  a  common  apparatus,  the  object  is  attained  with  much  greater 
economy.  Two  methods  are  practised ;  one  by  currents  of  heated 
air,  and  the  other  by  currents  of  heated  water. 

The  method  of  warming  buildings  by  currents  of  heated  air 
will  be  easily  understood  by  reference  to  fig,  36,  where  P  is  a 
furnace  constructed  in  the  basement  of  the  building,  over  which 
there  is  a  metal  pipe  carried,  following  a  winding  course.  The 
flame  and  heated  air,  passing  round  this  pipe,  raise  the  air  in  it 
to  a  high  temperature.   A  current  of  cold  air  enters  at  the  end  b 
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of  the  pipe  which  is  outaida  the  building,  and  after  following 
the  course  of  the  pipe,  isBuea  at  a  into  the  apaxtment  to  be  heated.  - 
Meanwlkile,  the  smoke  and  heated  air  which  haa  warmed  the  ait- 
pipD  eicapeB  up  the  chimney. 

It  is  moat  important  to  observe  that  in  all  cases  where  theM 
ealoHfire*,  as  they  are  called,  are  used,  some  efficient  means 
of  ventilation  should  be  provided  to  play  the  part  of  the  open 

90.  VenUIMlon  of  tnines. — Some  of  the  methods  by  which 
this  operation  is  effected  have  been  already  explained.  We  shall 


Pig  A 

now  notice  one  which  depends  on  the  production  of  currents  of 
air  by  artificial  changes  of  temperature  It  would  be  easy  to 
produce  a  current  in  a  shaft  by  maintaining  a  fire  in  it,  since  in 
that  case  the  shaft  would,  in  faot,  be  converted  into  a  chimney, 
and  would  ventilate  the  mme  upon  the  same  principle  aa  that 
on  which  an  open  chimney,  with  a  fire  under  it,  ventilates  a 
room.  But  in  the  case  of  mines  auch  an  expedient  is  some- 
times attended  with  danger,  inasmuch  as  the  gases  evolved  are 
oc<msioiially  explosive  An  expedient  has,  therefore,  been  in 
some  esses  adopted  by  which,  while  all  communication  between 
the  fire  and  the  air  in  the  shaft  is  intercepted,  the  ventilating 
current  is,  nevertheless,  established.  The  principle  on  which 
this  depends  in  easily  explained.     If  a  stove  pipe  be  observed 
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SBcending  through  »  room,  it  will  be  easj  to  show  that  when  it 
is  strangl7  heated  aacending  currentn  of  air  are  established 
arotmd  it.  Thus,  if  light  be  directed  towards  it,  so  as  to  make 
it  project  a  shadow,  the  agitation  of  the  ascending  air  around  it 
will  also  produce  a  visible  undulating  shadow  along  the  borders 
of  the  shadow  of  the  stove  pipe. 

The  existence  of  the  current  may  be  rendered  still  more  ma- 
nifest by  attaching  to  the  side  of  the  stoTc  pipe  a  wire,  on  which 


a  piece  of  paper  cut  in  the  shape  of  a  spiral  may  be  sus{  led 
as  shown  iajig.  37.  The  upward  current  will  n  m  d  ately  put 
tJie  pape>  in  motion,  and  make  it  revolve  rip  dly  rounl  the 

Upon  this  principle  a  current  is  established  in  the  shaft  of  a 
mine  by  erecting  a  stove  in  a  short  shaft  built  in  juxtaposition 
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with  it.  Such  an  arrangement  is  shown  in  vertical  section  in 
fijq.  38.  The  shaft  of  the  mine  is  represented  on  the  left  of  the 
figure,  and  the  ventilating  shaft  communicating  with  it  at  top 
and  bottom  on  the  right.  At  the  base  of  the  ventilating  shaft 
a  stove  is  established,  the  pipe  of  which,  a,  passing  up  the  middle 
of  the  shaft,  issues  from  the  top,  where  it  is  provided  with  a 
damper  to  regulate  the  draught.  The  stove  is  built  into  the  base 
of  the  shaft,  so  that  the  fire  has  no  communication  with  the  air 
in  it,  and  the  pipe  passes  through  the  top  of  the  shaft,  so  as  to 
be  air-tight.  Upward  currents  are  established  round  the  pipe, 
A,  upon  the  principle  already  explained.  These  currents  have 
the  effect  of  drawing  the  air  through  the  lower,  and  discharging 
it  through  the  upper  opening,  and  thus  establishing  an  upward 
current  in  the' shaft. 

91.  Argrand  lamp. — The  combustion  which  produces  the 
flame  of  an  argand  lamp  is  maintained  upon  the  same  principle 
as  that  by  which  the  combustion  is  maintained  in  a  common  fire- 
place.  The  wick,  which  is  cylindrical,  surrounds  a  brass  tube 
which  communicates  at  its  lower  end  with  the  external  air.  A 
glass  chimney  surrounds  the  wick  and  the  flame.  The  air,  ascend- 
ing through  the  glass  tube,  passes  the  flame  and  is  heated  by  it, 
and  then  ascends  in  the  glass  chimney  within  which  it  is  con- 
fined. This  glass  chimney  is,  therefore,  filled  with  a  column  of 
heated  air,  which  has  a  buoyancy  proportional  to  its  expansion, 
and  ascends  with  a  proportionate  force,  fresh  air  being  supplied 
to  the  wick  continually  through  the  brass  tube  already  men- 
tioned. But  as  the  column  of  air  ascending  through  this  brass 
tube  would  only  touch  the  flame  on  its  external  surface,  the  in- 
ternal parts  of  the  column  would  not  be  so  strongly  heated.  To 
increase  the  heat  imparted  to  the  air,  therefore,  a  metal  wire  is 
placed  in  the  centre  of  the  brass  tube,  which  supports  a  button 
a  little  less  in  diameter  than  the  wick  at  the  level  of  the  flame. 
When  the  column  of  air  which  ascends  in  the  tube  encounters 
this  button,  the  central  parts  of  the  column  are  intercepted,  and 
can  only  ascend  by  passing  round  the  edge  of  the  button,  and 
therefore  in  contact  with  the  flame.  By  this  expedient  all  the 
air  which  ascends  through  the  brass  tube  is  made  to  pass  in  close 
contact  with  the  flame  before  it  can  enter  the  glass  chimney  above 
the  flame,  and  thus  the  intensity  of  the  force  of  the  draught  is 
increased  and  the  combustion  is  augmented. 

92.  Sxperiments. — The  expansion  of  air  by  heat  and  its 
contraction  by  cold  may  be  made  manifest  by  a  variety  of  simple 
and  easily  executed  experiments.  If  a  common  drinking-glass 
be  inverted  and  held  over  the  flame  of  a  lamp  or  candle  for  some 
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time,  it  will  be  filled  with  air  heated  by  the  flame  ;  if  it  be  then 
suddenly  plunged  with  its  mouth  downwards  in  water,  the  water 
will  be  found  to  rise  in  the  glass  to  a  height  above  the  level  of 
the  water  outside  the  glass.  The  cause  of  this  is,  that  the  air 
which  fills  the  glass,  having  been  previously  rarefied  by  heat 
and  afterwards  cooled,  when  removed  from  the  lamp  is  contracted 
so  as  to  fill  a  less  space  than  the  capacity  of  the  glass  which  it 
filled  when  heated  previous  to  immersion. 

This  experiment  may  be  rendered  still  more  striking  by  using 
a  glass  bulb  blown  at  the  end  of  a  tube,  like  a  thermometric 
tube,  instead  of  a  glass.  Let  such  a  bulb  be  held  for  some  minutes 
over  the  flame  of  a  spirit-lamp.  The  air  which  fills  it  will  be- 
come highly  expanded  and  rarefied  by  the  heat.  Let  the  open 
end  of  the  tube  be  then  plimged  in  water,  the  bulb  being  pre- 
sented upwards.  After  some  time,  when  the  tube  has  cooled 
and  the  air  within  it  contracted,  the  water  will  rise  in  the 
tube,  and  will  nearly  fill  the  bulb,  the  portion  of  the  bulb  not 
filled  being  the  space  within  which  the  air  previously  heated  had 
been  contracted  by  cooling. 

93.  Absolute  temperature.  Absolute  xero. — If  in  a  ther- 
mometer air  or  any  permanent  gas  be  made  the  thermometric 
substance,  then  equal  difierences  in  the  volume  occupied  by  a 
given  mass  of  air  at  constant  pressure  will  correspond  to  equal 
differences  of  temperature ;  and  it  has  been  shown  that  this 
difference  amounts  to  ^73  of  the  volume  at  o^  C.  for  each  degree 
Centigrade,  or  to  jj^  of  the  volume  at  32°  F.  for  each  degree 
Fahrenheit.  Hence,  if  we  suppose  a  given  mass  of  air,  at 
0°  0.,  to  be  cooled  to  —  273°  C,  it  will  be  reduced  to  a  mathe- 
matical point,  or,  in  other  words,  its  elastic  force  must  at  that 
temperature  completely  vanish.  The  temperature  of  —273°  C, 
or  —459°  F.,  has  for  these  reasons  been  called  the  absolute  zero 
of  temperature,  and  temperatures  reckoned  from  it  are  called 
absolute  iempercUures,  By  employing  this  term,  the  statement 
of  the  relations  between  the  volume,  pressure,  and  temperature 
of  a  given  mass  of  air  or  gas  may  be  simplified  thus,  assuming 
the  correctness  of  the  laws  of  Boyle  (or  Mariotte)  and  of  Gay- 
Lussac  : — (I.)  When  the  pressure  is  consta/nty  the  volume  of  a  gas 
varies  directly  as  the  absolvie  temperature,  (II.)  When  the 
volume  is  cor^stant,  the  pressure  varies  directly  as  the  absolute 
temperatwre,     (III.)  If  V,  P,  T,  denote  volunne,  pressure,  and 

V  P 

absolute  temperature,  then  the  value  of  the  expression  — ^p-  rema,vnSf 

for  ctUX  variations,  constant. 
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CHAPTER  VI. 

CALORIMETKY. 

04.  Object  of  oalortmetrj'. — The  quantitative  determination 
of  heat  forms  a  special  department  called  Calorimetry^  and  the 
instruments  by  which  quantities  of  heat  are  measured  are  called 
CaloriviwitTs. 

If  the  same  quantity  of  heat  always  produced  the  same  or 
eijual  thermomotric  changes,  every  thermometer  would  be  a  calo- 
rimotor,  and  calorinvetry  would  not  form  a  part  of  this  subject 
diHtinct  frt^m  thernwmetnj.  But  not  only  do  equal  quantities  of 
hoat  produce  unequal  thermometric  changes  on  different  bodies, 
but  oven  on  the  same  body  at  different  points  of  the  scale,  and 
in  some  cases  no  thermometric  change  whatever. 

That  different  bodies,  although  at  the  same  temperature, 
differ  very  widely  from  one  another  as  respects  the  qiuintity 
of  heat  in  each  of  them,  may  be  easily  demonstrated  by  the 
following  experiment,  A  number  of  bails,  of  equal  weight  but 
of  different  materials,  are  heated  to  the  same  temperature,  sup- 
pose 200°,  and  placed  upon  a  wax  disc.  Each  of  the  balls  gives 
up  part  of  its  heat  to  the  wax,  causing  it  to  melt,  and  thus 
making  a  hole  through  which  the  ball  finally  drops.  The  balls 
containing  the  greatest  quantity  of  heat  drop  through  first ;  thus 
an  iron  ball  melts  its  way  through  the  wax  before  one  of  copper, 
a  copper  ball  before  one  of  tin,  &c, ,  while  balls  of  lead  or  bismuth 
are  much  slower  in  their  action,  and  never  get  through  at  all 
if  the  disc  be  moderately  thick.  Now  although  the  metal  balls 
were  at  the  same  temperature,  and  have  the  same  weight,  yet 
one  does  not  melt  as  much  wax  as  the  other,  in  other  words,  the 
lead  ball,  for  example,  does  not  part  with  as  much  heat  as  the 
iron  ball,  whilst  both  are  cooling  from  200°  to  the  temperature 
of  the  air.  It  follows  that  different  bodies  at  the  same  tempera- 
ture contain  different  quantities  of  heat :  they  part  with  dif- 
ferent quantities  when  cooled  through  the  same  number  of 
degrees  of  temperature,  and  require  different  quantities  when 
their  temperature  is  raised  by  the  same  number  of  degrees. 

95.  Tbermal  unit.  —  To  reduce  heat  to  arithmetical  ex- 
pression it  is  necessary  that  some  suitable  thermal  measure  be 
adopted,  and  a  thermal  unit  selected.  It  may  be  assumed  as 
self-evident  that  to  produce  the  same  thermal  effect  on  the  same 
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quantity  of  the  same  body  under  like  circumstances  will  always 
require  the  same  quantity  of  heat.  Thus,  it  is  apparent  that  to 
raise  a  pound  of  pure  water  from  o**  to  1°,  or  to  liquefy  a  pound 
of  ice,  or  to  convert  a  pound  of  water  into  vapour  under  a  given 
pressure,  will  always  require  the  same  quantity  of  heat,  from 
whatever  source  such  heat  may  proceed.  Water  has  been  selected 
as  the  standard  of  thermal  measure,  for  reasons  nearly  the  same 
as  those  which  have  determined  its  selection  as  the  standard  of 
specific  gravity,  and  also  because  water,  as  will  be  seen  further 
on,  possesses  a  very  high  capacity  for  heat,  higher  than  almost 
all  other  substances.  We  may,  therefore,  take  as  the  thermal 
unit  the  quantity  of  heat  which  is  necessary  to  raise  a  pound  of 
pure  water  from  0°  to  1°.  But  several  different  units  of  heat  are 
employed,  all  having  reference  to  pure  water  as  the  standard  sub- 
stance. Our  unit  may  be  called  the  Poiind-Degree  (Fahrenheit 
or  Centigrade),  meaning  the  heat  required  to  raise  a  pound 
avoirdupois  of  water  1°  F.  or  i**  C,  and  it  is  obvious  that 
either  one  or  the  other  of  these  thermometric  scales  must  be 
adopted.  In  speaking  therefore  of  a  Pound-Degree,  we  shall 
henceforth  mean  the  heat  required  to  raise  a  pound  of  water 
from  o**  to  1°  of  the  Centigrade  scale.  Again  the  Kilogramme- 
Degree  is  the  heat  required  to  raise  a  kilogramme  of  water  from 
0°  to  I**  Centigrade ;  this  unit  has  sometimes  been  called  the 
Calorie.  Similarly  the  Chcamme-Degree  is  the  quantity  of  heat 
required  to  raise  a  gramme  of  water  1°  Centigrade. 

96.  Definition  of  specific  beat. — The  quantity  of  heat  which 
is  necessary  to  raise  a  pound  of  any  other  body  from  0°  to  i**, 
is  in  general  different  from  that  which  would  produce  the  same 
effecton  water,  and  in  general  also  different  for  different  species 
of  bodies.  These  quantities  of  heat,  expressed  relatively  to  the 
quantity  of  heat  required  to  raise  the  temperature  of  an  equal 
weight  of  .water  from  o**  to  1°  C.  are  called  the  specific  heats  of 
the  various  substances. 

The  specific  heat  of  a  body  is  said  to  be  uniform  throughout 
any  extent  of  the  thermometric  scale  when  it  requires  the  same 
quantity  of  heat  to  raise  the  temperature  one  degree  through 
such  extent  of  the  scale.  If  h  express  the  quantity  of  heat  ne- 
cessary to  raise  w  lbs.  of  a  body  from  the  temperature  expressed 
by  t'  to  the  temperature  expressed  by  t,  the  specific  heat  being 
expressed  by  s  and  being  uniform,  we  shall  therefore  have 

h=sx(t  — t')x  w; 

that  is  to  say,  the  quantity  of  heat  is  found  by  multiplying  to- 
gether the  numbers  expressing  the  specific  heat,  the  elevation 
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of  temperature,  and  the  weight  in  lbs.  Wlien  the  quantity  of 
heat  necessary  to  raise  a  body  one  degree  is  different  in  different 
porta  of  the  scale,  the  apeciflu  heat  ia  said  to  be  variable  ;  and 
when  it  does  so  vary,  it  is  in  general  found  to  increase  with  the 
temperature. 

97.  Caloiimetrto  metbads. — Three  methods  have  been  prac- 
tised for  the  sohition  of  calorimetric  problems:  let,  by  mea- 
suring the  heat  by  the  quantity  of  ice  it  liquefies;  sndly,  by 
calculating  it  by  means  of  mixing  or  bringing  into  close  juxta- 
position different  bodies  at  different  temperatures,  so  that  their 
temperatures  shall  be  equalised  ;  and  3rd]y,  by  observing  the 
rate  at  which  different  heated  bodies  cool. 

The  calorimeter  of  Lavoiaifr  and  Laplaee  is  based  upon  the 
first  of  these  principles. 


^s    9  TlB  40. 

This  apparatus  is  represented  in  ^  39  in  sect  on  and  in 
Jig.  iOin  perspect  Te  Two  similar  metalbc  vessels  v  ai  d  v  are 
constructed  one  a  htUe  smalle  than  the  other  so  that  when 
applied  one  within  the  other  a  small  spate  a  may  be  left  between 
them.  From  the  bottom  of  the  external  vessel  v  a  ducharge  p  pe 
with  a  stop-cock  K,  proceeds.  From  the  bottom  of  the  inner 
vessel  a  similar  pipe  proceeds,  which  passes  water-tight  through 
the  bottom  of  Uie  vessel  v,  and  is  also  furnished  with  a  stop- 

This  pipe  k'  leads  into  a  vessel  n.  The  external  vessel  v 
has  a  close  cover,  by  which  all  communication  with  the  external 
air  ia  cut  o^  and  iha  inner  vessel  v'  is  likewise  furnished  with 
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a  small  cover,  by  which  all  communication  with  the  space  a  is 
intercepted.  The  space  a  between  the  two  vessels  is  filled  with 
pounded  ice  ;  and  if  the  apparatus  be  placed  in  an  atmosphere 
above  0°,  this  ice  will  be  gradually  liquefied,  and  the  water  pro- 
duced by  it  will  flow  off  through  the  cock  k,  when  the  stop-cock 
is  open,  and  will  be  received  in  the  vesHcl  shown  in  the  figure. 
The  space  a  being  kept  continually  supplied  with  ice,  it  is  evident 
that  the  interior  vessel  v^  will  be  maintained  constantly  at  the 
temperature  of  0°,  and  the  air  included  in  it,  and  any  objects 
placed  in  it,  will  be  necessarily  reduced  to  that  temperature. 

A  third  vessel  y"  is  now  placed  within  the  second  y\  and  the 
space  B  between  the  second  and  third  is  filled  with  pounded  ice, 
in  the  same  manner  as  the  space  a.  But  it  is  evident  that  this 
ice  cannot  be  aflected  by  the  temperature  of  the  external  air, 
since  it  is  surrounded  with  the  melting  ice  included  in  the  space 
A,  which  is  continually  at  0°. 

K  any  object  at  a  temperature  above  o°be  placed  at  c,  within 
the  vessel  v'',  this  object  will  gradually  fall  in  its  tempera- 
ture by  imparting  its  heat  to  the  ice  in  the  space  b  ;  and  it  will 
continue  to  impart  heat,  and  its  temperature  will  continue  to 
fall,  until  it  arrives  at  the  temperature  of  0°,  when  it  will  cease  to 
liquefy  the  ice  around  it.  The  water  proceeding  from  the  lique- 
faction of  the  ice  in  the  space  b  is  discharged  through  the  pipe 
k',  the  stop-cock  being  opened,  and  is  received  in  the  vessel  ^. 
The  quantity  of  water  thus  received  in  r  will  therefore  be  pro- 
portional to  the  heat  imparted  by  the  body  contained  in  the 
vessel  V^  to  the  ice  in  the  space  b. 

If  this  apparatus  be  applied  to  solid  bodies,  it  will  be  suffi- 
cient to  introduce  the  body  under  experiment  directly  into 
the  interior  of  the  vessel  v" ;  but  if  it  be  applied  to  liquids, 
it  will  be  necessary  that  the  liquid  under  experiment  should  be 
contained  in  a  vessel,  which  vessel  is  introduced  into  y".  In 
this  case  the  vessel  containing  the  liquid  should  be  reduced  to 
the  temperature  of  0°  before  receiving  the  liquid,  or,  if  not,  the 
vessel  should  be  raised  to  the  temperature  of  the  liquid,  and 
introduced  empty  into  the  calorimeter,  so  as  to  ascertain  the 
quantity  of  ice  it  would  dissolve  empty  in  falling  from  the  tem- 
perature of  the  liquid  to  o®.  When  the  vessel  is  introduced, 
filled  with  the  liquid,  the  quantity  of  ice  liquefied  will  be  the 
sum  of  the  quantities  liquefied  by  the  vessel  and  by  the  liquid 
which  it  contains.  But  the  quantity  liquefied  by  the  vessel 
being  previously  ascertained  and  subtracted,  the  remainder  will 
be  the  quantity  dissolved  by  the  liquid  contained  in  the  vessel. 
If  equal  w^ights^f  the  same  substance,  placed  in  the  apparatus 

h2 
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at  different  temperatures,  cause  quantities  of  water  to  be  depo- 
sited in  R  which  are  proportional  to  the  temperatures  through 
which  they  fall,  it  will  follow  that  within  such  limits  the  specific 
heat  is  uniform.  And,  if  the  quantity  of  water  deposited  in  r 
be  divided  by  the  number  of  degrees  through  which  the  tempe- 
rature of  the  body  placed  in  the  calorimeter  has  fallen,  the  quan- 
tity of  ice  dissolved  by  the  heat  corresponding  to  one  degree  will 
be  found.  This,  in  fine,  being  divided  by  the  weight  of  the  body 
placed  in  the  calorimeter  expressed  in  pounds,  the  weight  of  ice 
dissolved  by  the  heat  which  would  raise  i  lb.  of  the  body  one 
degree  will  be  determined. 

To  express  this  in  algebraical  symbols  : — 

Let  w  «  the  weight  of  the  body  placed  in  the  calorimeter, 
T  =  its  temperature, 
w'  -  the  weight  of  water  deposited  in  r  while  the  body  is 

reduced  from  t°  to  o°, 
X  =  weight  of  ice  dissolved  by  the  heat  which  would  raise 
I  lb.  of  the  body  one  degree. 
We  shall  then  have, 

w' 

—  -the  weight  of  ice  dissolved  by  the  heat  which  would  raise 

T 

w  one  degree ; 

and  therefore, 

w' 

X  =  — 

WT 

In  applying  this  method  of  experimenting  to  water,  it  is 
found  that  between  the  freezing  and  boiling  points  its  specific 
heat  is  sensibly  uniform,  and  that  the  heat  necessary  to  raise 
I  lb.  of  water  one  degree  is  that  which  would  melt  the  8oth 
part  of  a  lb.  of  ice,  so  that  in  the  case  of  water  we  have 

I 

For  other  bodies,  let  s  be  the  specific  heat  of  the  body  w, 
that  of  water  being  the  unit.  Hence  we  shall  have  by  propor- 
tion ; — 

s  •  I  ''-^  •   ^ 

WT        80 

and  consequently 

80  X  w^ 

WT 

which  gives  the  following  rule  ; — 
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M\Utiply  the  weight  of  ice  dissolved  by  80  ;  multiply  the 
weight  of  the  body  which  dissolves  the  ice  by  the  number  of  degrees 
of  temperatv/re  it  loses  ;  and  divide  the  former  pi'oduct  by  the  latter. 
The  qiwtietU  will  be  the  specific  heat  of  the  body. 

There  are  several  important  objections  to  the  use  of  this 
apparatus,  although  the  principle  of  the  method  is  simple  and 
the  experiment  consists  essentially  of  only  two  operations,  viz. , 
the  precise  determination  of  the  temperature  of  the  body  which 
is  placed  in  the  calorimeter,  and  the  accurate  weighing  of  the 
discharged  water.     But  in  consequence  of  the  lai'ge  quantity  of 
heat  required  for  melting  an  appreciable  quantity  of  ice,  the 
apparatus  is  only  available  for  substances  of  which  large  masses 
are  at  the  disposal  of  the  experimenter.     But  it  is  absolutely 
necessary  to  fuse  a  consid^able  quantity  of  ice  in  each  experi- 
ment, if  the  result  is  to  be  a  trustworthy  one.     The  reason  is, 
that  a  certain  weight  of  the  melted  wate^  remains  adhering  to 
the  ice  in  the  calorimeter,  so  that  the  water  which  flows  out 
does  not  exactly  represent  i^e  weight  of  the  melted  ice  ;  but 
this    deficiency  will  influence  ______ 

the  result  in  a  mudi  less  pro- 
portion  the  greater  the  abso- 
lute quantity  of  the  melted  ice. 

Another  source  of  eiror  is, 
that  the  external  space  gives  up 
heat  to  the  calorimeter  in  spite 
of  all  precautions,  and  unless 
the  external  space  is  at  0%  som« 
ice  will  be  melted  by  radiation 
and  conduction  from  without. 

98.  Bnnsen's  ice-calori- 
meter.— Ice  experiences  a  con- 
siderable diminution  of  volume 
when  it  melts  and  passes  into 
water.  On  this  fact  Bunsen 
has  based  a  calorimeter,  re- 
presented in^.  41,  whidi  is 
particularly  suitable  for  experi- 
menting on  substances  of  which 
only  small  quantities  can  be 
used.  A  is  a  small  test  tube  fused  in  the  wide  tube  B,  and  is 
intended  to  receive  the  substance  of  which  the  specific  heat  is  to 
be  determined.  After  being  heated  in  a  current  of  steam  of 
known  temperature,  the  body  is  dropped  as  quickly  as  possible 
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into  the  test  tube  a,  which  contains  water  at  o**.  The  tube  is 
surrounded  by  the  ice  in  b,  the  lower  part  of  which  contains 
mercury,  and  is  connected  with  the  capillary  tube  c,  also  con- 
taining mercury.  The  upper  part  of  this  tube  is  bent  horizon- 
tally, and  is  carefully  calibrated  and  graduated.  As  soon  as  the 
body  is  introduced  into  the  test  tube  it  imparts  its  heat  to  it 
while  it  sinks  to  zero,  and  in  doing  so  melts  a  certain  quantity 
of  ice  :  the  mercury  in  the  capillary  tube  recedes,  and  the 
weight  of  the  quantity  of  ice  melted  may  be  calculated  from  the 
observed  diminution  of  volume.  This,  together  with  the  weight 
and  original  temperature  of  the  substance,  furnish  all  data  re- 
quired for  calculating  the  specific  heat. 

99.  Method  of  mixtures. — When  two  bodies  at  different 
temperatures  are  mixed,  or  brought  into  juxtaposition  in  such 
a  manner  that  that  which  has  the  higher  temperature  may 
transfer  to  that  which  has  the  lower  temperature  such  a  portion 
of  its  heat  that  the  temperatures  may  be  equalised,  the  rela- 
tion between  the  specific  heats  may  be  determined,  provided 
no  chemical  action  nor  any  change  of  state  be  produced  by  the 
contact  or  mixture. 

Let  the  weights  of  the  two  bodies  be  w  and  w',  their  tempe- 
ratures T  and  t',  and  their  specific  heats  s  and  s' ;  and  let  t  be 
their  common  temperature  after  the  thermometric  equilibrium 
has  been  established.  It  will  therefore  follow  that  the  tempera- 
ture lost  by  w  will  be  t  —  <,  and  the  temperature  gained  by  w' 
will  be  t  —  T^  But  from  what  has  been  already  explained, 
the  quantity  of  heat  lost  by  w  will  be  expressed  by  s  x  w  x  (t  —  ^), 
and  the  quantity  of  heat  gained  by  W'  will  be  expressed  by  s'  x 
'w'm(^  — T'').  But  since  the  quantity  of  heat  lost  by  w  is  im- 
parted to  w^,  these  two  quantities  must  be  equal,  and  conse- 
quently we  must  have 

w  X  s  X  (t  —  *)  =  w'  X  s^  X  (^  —  t')  ; 

and  from  this  we  infer  that 

s  :  s' : :  w'  X  (<  -  t')  :  w  x  (t  -  ^) ; 

that  is  to  say,  the  specific  heats  of  the  two  bodies  are  in  the  in- 
verse proportion  of  the  products  of  their  weights  and  the  tem- 
peratures which  they  gain  and  lose. 

This  method  of  determining  the  relation  between  the  specific 
heats  is  applicable  either  to  two  liquids  or  to  a  solid  and  a 
liquid,  provided  that  when  they  are  mixed  or  brought  together 
no  chemical  action  takes  place  between  them,  and  provided  the 
solid  be  not  liquefied.  But  if  such  action  ensue,  it  is  generally 
attended  with  the  development  or  absorption  of  sensible  heat, 
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by  which  the  common  temperature  would  be  rendered  either 
higher  or  lower  than  that  which  would  result  from  mere  admix- 
ture. 

If  one  of  the  bodies,  w',  be  water,  we  shall  have  s'-  i,  and 
therefore 

W  X  (t  -  <)    ' 

from  which  follows  the 

Rule. 

Let  the  weight  of  a  heated  body  i/mmersed  in  vafer  he  multiplied 
by  the  temperatv/re  it  loaesy  cmd  let  the  weight  of  the  water  he  multi- 
plied by  the  temperature  it  gains.  The  quotient  obtained  by  dividing 
the  latter  product  by  the  former  wiU  be  the  specific  heat  of  the 
body. 

The  method  of  determining  the  specific  heat  of  gaseous  bodies 
by  means  of  the  water  calorimeter  of  Count  Rumford  is  similar 
in  principle  to  the  preceding  method.  This  apparatus  consists 
of  a  worm  carried  through  a  vessel  of  water  in  a  manner  similar- 
to  the  worm  of  a  still.  The  gas,  being  previously  weighed, 
prepared,  and  dried,  is  raised  to  100°  by  passing  it  through  a 
similar  worm  placed  in  a  vessel  of  boiling  water.  It  is  then 
passed  through  the  worm  of  the  calorimeter  and  raises  the  tem- 
perature of  the  water,  its  own  temperature  falling.  The  eleva- 
tion of  the  temperature  of  the  water  and  the  fall  of  the 
temperature  of  the  gas  being  observed,  data  are  obtained  from 
which  the  specific  heat  of  the  gas  is  calculated. 

100.  Regrnault's  experiments. — The  most  accurate  deter- 
minations of  specific  heat  that  have  hitherto  been  published  are 
probably  those  made  by  Regnault,  by  the  method  of  mixtures. 
The  substance  to  be  examined  is  contained  in  a  basket  of  fine 
brass  wire,  suspended  in  the  middle  of  an  upright  cylinder 
of  thin  metal.  The  cylinder  is  surrounded  by  a  larger  concen- 
tric cylinder,  and  this  again  by  a  third.  By  the  ebullition  of 
water  in  a  boiler  the  annular  space  between  the  first  and  second 
cylinder  is  kept  constantly  supplied  with  steam,  which  passes 
through  openings  near  the  top  of  the  middle  cylinder  into  the 
outer  annular  space  comprised  between  the  second  and  third 
cylinder,  and  hence  by  a  waste-pipe  to  a  condenser  and  back  to 
the  boiler.  The  temperature  of  the  substance  in  the  basket  is 
shown  by  a  thermometer,  the  bulb  of  which  occupies  a  cylindrical 
space  left  for  the  purpose  in  the  middle  of  the  basket ;  the  water 
into  which  the  substance  is  to  be  plunged  is  contained  in  a 
small  vessel  of  very  thin  and  highly  polished  brass,  supported 
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upon  three  points,  and  carried  by  a  foot  which  slides  along  a 
groove,  so  that  by  a  rapid  and  smooth  motion  it  can  be  brought 
directly  under  the  interior  cylinder.  When  in  this  position,  it  is 
protected  from  heat  radiated  by  the  boiler  by  a  double  screen, 
between  the  two  coatings  of  which  a  continual  circulation  of  cold 
water  is  kept  up.  The  temperature  of  this  calorimeter  is  in- 
dicated by  a  thermometer,  the  bulb  of  which  is  long  enough  to 
reach  from  just  below  the  surface  of  the  water  to  very  near  the 
bottom. 

At  the  commencement  of  an  experiment  the  calorimeter  is  drawn 
back,  and  the  basket  containing  the  substance  to  be  examined  is 
suspended  in  the  middle  of  the  inner  cylinder  by  a  silk  thread,  the 
cylinder  itself  being  closed  at  top  and  bottom  by  hollow  plugs,  to 
prevent  loss  of  heat.  Steam  from  the  boiler  being  allowed  to  circu- 
late about  the  inner  cylinder,  the  substance  in  the  basket  is  gradu- 
ally heated  to  nearly  the  temperature  of  boiling  water.  After  a  time 
the  thermometer  in  the  basket  becomes  stationary.  The  tempera- 
ture of  the  water  in  the  calorimeter  is  then  observed  by  means  of 
a  telescope,  that  of  the  air  being  read  off  at  the  same  time  upon 
another  thermometer.  The  calorimeter  is  now  quickly  pushed 
under  the  heating  apparatus,  the  plug  at  the  bottom  of  the  inner 
cylinder  removed,  and  the  basket  with  its  contents  allowed  to  fall 
into  the  water  of  the  calorimeter,  which  is  immediately  drawn 
back  again.  The  basket  is  then  moved  about  in  the  water  while 
an  observer  watches  through  the  telescope  the  maximum  tempe- 
rature indicated  by  the  thermometer  in  the  calorimeter. 

Let  the  data  of  the  experiment  be  as  follows  -.-^ 

Weight  of  substance  in  wire  basket     .         .                 .  =  w 

„      „  brass  wire  basket        ...                 .  «  U7 

Specific  heat  of  brass =    « 

Temperature, of  the  substance  at  moment  of  immersion  =   t 
,,                ,,     water  in   the  calorimeter  at  same 

moment        ........  —    t 

Maximum  temperature  of  calorimeter  after  immersion  .  =   B 

Weight  of  water  in  calorimeter =  w' 

Then,  if  the  specific  heat  of  the  substance  -  s,  we  shall  have, 
in  accordance  with  the  principles  explained  in  art.  99, 

w  s  (T-e)  +  it;«  (T-f)«w' (^  — <) 
consequently 

w(T-e) 

10 1.  &eirnaalt*s  tables  of  speciflo  beat. — The  following 
tables  give,  in  a  summary  form,  Regnault's  results  principally 
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for  inorganic  solids.  For  reasons  which  will  appear  afterwards, 
the  tables  contain  two  additional  columns,  one  giving  the 
atomic,  and  respectively  molecular,  weights  of  the  Hubstances, 
the  other  the  product  of  the  specific  heat  into  the  atomic,  and 
respectively  molecular,  weight  of  each  substance.  The  tempera- 
tures between  which  the  determinations  were  made  are  only  given 
in  Table  I.  For  the  substances  in  Table  II.  they  were  in  all  cases 
between  a  temperature  approaching  100°  C.  and  a  temperature 
near  that  of  the  atmosphere.  In  the  case  of  substanceH  which 
are  soluble  in  water,  or  capable  of  being  chemically  acted  on  by 
it  in  any  way,  the  calorimeter  was  filled  with  oil  of  turpentine. 
The  substances  are  grouped  according  to  chemical  composition. 
'  The  specific  heat  of  a  few  substances,  which  play  a  i)art  in 
the  experimental  arrangement  for  determining  that  of  the 
others,  viz.,  brass,  glass,  oil  of  turpentine,  and  water,  was  de- 
termined by  preliminary  experiments  and  found  to  be  : — 


Substanoe 

Specific  Heat 

Range  of  Temperature 

Brass 

Glass 

Oil  of  turpentine 

Water 

009391 
019768 
042593 
I  00800 

0             0 
between  98  and  12 

99    »     14 
98    „     15 
98    ,,     13 

Table  I. — Specific  Heat  of  Elementa/ry  Bodies. 


1 
^  *>  *> 

®^.  s 

Name 

specific 
Heat 

Temperature 

Atomic 
weight 

Product 
at.  weig 
X  sp.  h( 

Lithium 

094080 

0 
100  to 

0 
27 

7  =  Li 

659 

Sodium 

•29340 

6„ 

-32 

23  =  N;v 

675 

Magnesium  . 

•24990 

98  „ 

23 

24=Mg 

600 

Aluminium  (sp.  h.  cor- 

rected for  2  per  cent. 

iron  impurity)  , 

•21430 

97  » 

14 

27-5  =  A1 

589 

Phosphorus,  liquid 

•21200 

100  „ 

SO 

3i=P 

657 

„        solid  . 

•18870 

30  „ 

-10 

It    11 

585 

>f            >i     •        • 

•17400 

10  „ 

-78 

»«    »> 

5*39 

,,        amorphous . 

•17000 

98  „ 

15 

>i    »> 

527 

Sulphur,  recently  melted 

•20259 

98  „ 

14 

32  =  S 

6^48 

,,       native     , 

•17760 

99  » 

14 

»    >* 

568 

Potassium     . 

•16956 

0  „ 

-78 

39  =  K 

661 

Manganese    (containing 

a  trace  of  sib'con) 

•12170 

97  » 

14 

55  =  Mn 

669 
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*M  43  -»a 

Name 

Specific 
Heat 

Temperature 

Atomic 
Weight 

^^■x 

Iron      .... 

•II380 

9°8  to 

0 
17 

56  =  Fe 

6-37 

ISickel,  specimen  I.,  1840 

•10863 

99  « 

13 

58-7  =  Ni 

6.37 

IL,  1859 

•10752 

97  » 

17 

»»        >» 

631 

„      III.,  1859 

•II080 

97  ,1 

12 

»»        »» 

650 

Cobalt,     „          r.,  1840 

•10696 

99  » 

12 

587  =  Co 

628 

IL, 1859 

•10620 

98  „ 

10 

>i        i> 

623 

„      III.,  1859 

•10730 

97    n 

8 

>j        ij 

630 

Copper. 

•09515 

98  ,, 

15 

635  =  <^" 

604 

Zinc      .... 

•09555 

99  » 

14 

65  =  Zn 

6-21 

Arsenic 

•08140 

98  „ 

13 

75  =  As 

611 

Selenium,  metallic 

•07616 

97  » 

21 

79  =  Se 

6^02 

>i                 »>     •         • 

•07446 

7  » 

-18 

>,     » 

5^88 

,.          vitreous 

•IO310 

82,, 

19 

,»     >, 

815 

M                                    >»          •                   • 

•07468 

8  „ 

-24 

»»     ,, 

590 

Bromine,  solid 

•08432 

-20  „ 

-78 

8o  =  Br 

6-75 

„       liquid      . 

•I  1294 

58  „ 

13 

»     >» 

1,          >»          •        • 

•I  1094 

48  „ 

10 

»>     », 

>»          >»          •         • 

•IO513 

10  „ 

-6 

>♦    >» 

Molybdenum  (impure)  . 

•07218 

98,, 

12 

96  =  Mo 

6*93 

Rhodium,  specimen  I.    . 

•05527 

98  „ 

20 

104-4  =  Rh 

5-77 

»»               II       -»"*-•    • 

•05803 

97  M 

II 

>»         >j 

607 

Palladium     . 

•05928 

98  „ 

14 

106  =  Pd 

628 

Silver   .... 

•05701 

99  1, 

13 

108  =  Ag 

616 

Cadmium  (containing  1 

per  cent,  impurity)    . 

•05669 

98  „ 

16 

ii2  =  Cd 

6-35 

Tin       ...         . 

•05623 

99  » 

12 

ii8  =  Sn 

663 

Uranium  (impure) 

•06190 

98  ,1 

10 

I20  =  U 

7^43 

Antimony     . 

•05077 

97  » 

12 

122  =  Sb 

619 

Iodine  .... 

•05412 

98  „ 

9 

127  =  1 

687 

Tellurium 

•04737 

98  „ 

18 

128  =  Te 

6*o6 

Tungsten 

•03342 

98,, 

12 

i84  =  W 

6^15 

Gold     »         .         .         . 

•03244 

98  » 

12 

196  =  Au 

636 

]  Iridium 

•03259 

99  » 

17 

198  =  Ir 

6-45 

1  Platinum 

•03243 

99  1, 

12 

198  =  Pt 

642 

Osmium 

•031 13 

98  „ 

19 

1992  =  0s 

620 

Mercury,  solid 

•03192 

-40,, 

-78 

200  =  Hg 

6-38 

„         liquid     . 

•03332^ 

98  „ 

12 

»»         ,» 

6-66 

Thallium  (according  t6 

Lamy) 

•03250 

204 =Th 

663 

Thallium  (according  to 

Regnault) 

•03355 

100  „ 

17 

f»                H" 

684 

Lead     .        .        .       •/ 

•03140 
•03065 

98  » 
lO  „ 

15 

\207=P1? 

r6-5o 
1 6-35 

Bismuth' 

•03084 

98  „ 

13 

210= Bi 

6-48 
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Table  I.  (continiied). 


1     ^  4J  «J 

Name 

Specific 
Heat 

Temperature 

At<milc 
WeiKbt 

1  tH 

259 

Boron,  graphitic    , 

•23520 

99  to 

0 
17 

ii  =  B 

„      crystallised 

•25000  . 

100  „ 

11 

»'     »> 

275 

<^arbon,  wood  charcoal  . 

•24150 

98  » 

8 

I2  =  C 

290 

»»         graphite  . 

•20083 

98  „ 

12 

M          M 

241 

„        diamond  . 

•14687 

98  „ 

9 

««           M 

176 

Silicon,  crystallised 

•17740 

99  » 

12 

28  =  Si 

497 

„        fused 

•17500 

100  „ 

22 

»>      >> 

490 

Table  II. — Specific  Heat  of  Inorganic  CompouiuU, 


Name  of  Substance 


Formula 


A.  Diatomic  Molrcules. 

1.  Oxides. 

Protoxide  of  lead  (fused) 

Oxide  of  mercury     . 

Protoxide  of  manganese  . 

Oxide  of  copper 

Oxide  of  nickel  (calcined) 

Magnesia 

Oxide  of  zinc  . 

2.  Sulphides. 
Protosulphide  of  iron 
Sulphide  of  nickle   . 

cobalt  . 
zinc 
lead 

mercury 
Stannous  sulphide   . 


♦> 


3.  Chlorides. 

Chloride  of  lithium 
«  „  sodium . 

„  potassium 

„  silver     . 

Mercurous  chloride . 
Cuprous . 


MO 

PbO 

HgO 

MnO 

CuO 

NiO 

MgO 

ZuO 

MS 

FeS 

NiS 

CoS 

ZuS 

PbS 

HgS 

SnS 

MCI 

LCI 

NaCl 

KCl 

AgCl 

HgCl 

CuCl 


005089 
•05179 
•15701 
•1420 1 

•15885 

•24394 
•12480 


•13570 
•12813 
•12512 
•12303 
•05086 
•05117 
•08375 


•28213 
•21401 
•17295 
•09109 
•05205 
•13827 


2«Wo 

ch   a 


223 

"•35 

216 

ii^i9 

71 

II  15 

79*5 

1119 

747 

1187 

40 

976 

81 

lO^II 

88 

11*94 

90-7 

11*62 

907 

11-36 

97 

1193 

239 

1215 

232 

11-87 

150 

12^56 

42-5 

1199 

58-5 

1252 

74-5 

12-88 

143-5 

1307 

2355 

12-26 

990 

1369 
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Table  II.  (contmiied). 


Name  of  Substance 


4.  Bromides. 

Bromide  of  potassium 
silver    . 
sodium  . 


» 


Formula 


5.  Iodides. 

Iodide  of  potassium 
„        sodium     . 
Mercurous  iodide     . 
Iodide  of  silver 
Cuprous  iodide' 


6.  TrIATOMIC  MOLECUIiBS. 

I.  Oxides. 
Stannic  oxide  . 
Titanic  anhydride,artificial 
„  „        Rutile . 

Silicic  anhydride 
Intermediate  oxide  of  an- 
timony 


2.  StUphides. 
Iron  pyrites    . 
Stannic  sulphide 
Bisulphide  of  Molybdenum 


3.  Chlorides. 

Chloride  of  barium . 
strontium 
calcium 
magnesium 


»» 
it 


it 
if 
ti 


mercury 

zinc 

lead 


„  manganese 

Stannous  chloridie    . 


4.  Iodides. 
Iodide  of  lead 

„        mercury   . 

C.  Tbtratomic  Molbcitlbs. 
I.  Oxides. 

Tungstic  anhydride . 

Molybdic        „ 


MBr 
KBr 
AgBr 
NaBr 

MI 

KI 

Nal 

Hgl 

Agl 

Cul 


MO2 
Sn02 
TiO« 

SiO^ 

SbO^ 

MS« 

FeS^ 
SnS^ 
MoS« 

MCl^ 

BaCP 

SrCP. 

CaCP 

MgCl^ 

HgCP 

ZuCP 

PbCl« 

MuCP 

SnCP 

MP 

PbP 

HgP 


M0» 

WoO» 

MoO« 


Specific 
Heat 


•II322 
•07391 
•13842 


•08 19 1 
•08684 

•03949 
•06159 

•06869 


•09326 
•17164 
•17082 

•19132 
•09535 


•13609 
•II932 
•12334 


•08957 
•I 1990 
•16420 
•19460 
•06889 
•13618 
•06641 

•14255 
•IO161 


•02^267 
•04197 


-07983 
•13240 


Molecular 
Weight 


119 
188 
103 


166 

150 

327 

235 
1905 


150 
82 

>♦ 
60 


154 


120 
182 
160 


208 

1586 

III 

95 
271 

136 
278 
126 
189 


461 
454 


232 
144 


Ah 


13-47 
1390 

1426 


1360 

1303 
I29I 

1447 
1309 


1399 

14-07 

13-97 
11-48 

14-70 


15*61 
21*72 

19-73 


18-63 
1902 

18-23 

1 8-49 
18-67 

1852 

18-46 

17-96 

19-20 


19-65 
1907 


18-52 
1907 
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Table  II.  (contin/iied). 


Name  of  Snbetanoe 

Formula 

Specific 
Heat 

Molecular 
WeiKht 

°  '-^  x'tl 
C '/'  S  "c 

Sh                   g 

2.  Chlorides, 

MCl» 

Chloride  of  arsenic  . 

AsCl* 

•17604 

181*5 

3195 

Trichloride  of  phosphorus 

PC1» 

•20922 

1375 

28*77 

D.  Pkntatomic  Molrcules. 

I.  Simple  Oxides. 

M«0« 

Alumina,  corundum 

A1'0» 

•19762 

103 

20*35 

„         sapphire  . 

»» 

•21732 

M 

2238 

Specular  iron  . 

Fe«0» 

•16695 

160 

26*71 

Arsenious  anhydride 

AsW 

•12786 

198 

23*01 

Oxide  of  chromium . 

Gr*0» 

•17960 

■       153 

27*47 

1,       bismuth     .         . 

Bi«0» 

•06053 

468 

2833 

„       antimony  . 

Sb«0« 

•09009 

292 

26*31 

2.  Mixed  Oxides. 

MNO« 

a.  Nitrates — 

Nitrate  of  potassium 

NKC 

•23875 

lOI 

24*11 

„          sodium   . 

NNaO» 

•27821 

85 

2365 

„          silver 

NAgO* 

•14352 

170 

2439 

b.  Carbonates. 

Carbonate  of  calcium,  Ice- 

land spar    . 

CCaO» 

•20858 

100 

20*86 

Ditto,  arragonite     . 

>> 

•20850 

l> 

20*85 

Ditto,  saccharoid  marble . 

f) 

•21585 

n 

21*58 

Ditto,  grey      . 

H 

•20989 

>i 

20-99 

Ditto,  white  chalk  . 

>♦ 

•21485 

•» 

21*48 

Carbonate  of  barium 

CBaO« 

•I 1038 

197 

21*74 

„              strontium    . 

.  CSrO« 

^14483 

147-6 

21*38 

„              iron    . 

CFeO» 

•I934S 

116 

22*44 

3.  Stdphides. 

M'S» 

Sulphide  of  antimony 

Sb«S» 

•08403 

340 

28*57 

„            bismuth 

Bi'S» 

•06002 

516 

3097 

4.  Chlorides. 

MCI* 

Stannic  chloride 

SnCl* 

•14759 

260 

3837 

Chloride  of  titanium 

TiCl 

•19145 

192 

36*76 

E.  Hbxatomic  Molbcules. 

I.  Sulphates. 

SMO* 

Sulphate  of  barium. 

SBaO* 

•I  1285 

233 

2628 

„            strontium     . 

SSrO* 

•14279 

1836 

2636 

„            calcium 

SCaO* 

•19656 

136 

26*73 

„            lead 

SPbO* 

•08723 

303 

2643 

„            magnesium    . 

SMgO* 

•22159 

120 

26*59 
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Name  of  Substance 

Formula 

Specific 
Heat 

Molocnlar 
Weight 

Product  of 
Specific 
Heat  X 

mol.  weight 

2.  Carbonates. 

Carbonate  of  potassium  . 
„               sodium 

F.  Heptatomic  Mot.kculbs. 
I.  Su/phates. 
Sulphate  of  potaFsium 
,,             sodium. 

CM20» 
CK^O* 
CNa'^C 

SM^O* 
SK'^O* 
SNa^O* 

*2l623 
•27275 

•19010 
•23115 

138 
106 

174 
142 

29-84 
28*91 

3308 
3282 

102.  XTecessary  Precautions. — In  ascertaining  the  specific 
heat  of  bodies  by  the  method  of  mixtures,  we  must  not  overlook 
the  fact  that  the  walls  of  the  vessel,  and  the  thermometer  used, 
participate  in  the  warming.  The  vessel  is  usually  made  of  thin 
sheet  metal,  copper  or  silver.  If  y  be  the  specific  heat  of  the 
metal  employed,  /u  the  weight  of  the  vessel,  the  quantity  of  heat 
necessary  to  heat  it  from  t°  to  r®  will  be  /xy  (r  —  t).  The  quan- 
tity of  heat  ny,  which  raises  the  temperature  1°,  is  called  the 
water-equivalent  of  the  vessel.  The  water-equivalent  of  the 
vessel  can,  of  course,  be  immediately  calculated  from  its  weight 
and  the  known  specific  heat  of  its  substance,  but  that  of  the 
thermometer  must  be  determined  by  experiment.  For  this 
purpose  it  is  heated,  say  by  plunging  it  into  heated  mercury, 
about  30°,  and  then  quickly  transferred  to  a  weighed  quantity 
of  water,  and  the  rise  of  temperature  produced  is  observed  with 
another  delicate  thermometer.  This,  multiplied  by  the  mass  of 
the  water,  divided  by  the  loss  of  temperature  of  the  heated 
thermometer,  gives  its  water-equivalent.  If  we  call  this  value 
(/,  then  we  must  write  the  formula  of  art.  99  thiis  : 


s 


V  +  /i>  +  ^      {t  -  T^ 


w 


(T-«) 


for  we  must  add  the  water-equivalents  of  the  calorimeter  and 
thermometer,  once  for  all  determined,  to  the  net  weight  of  the 
water  used  for  filling  it. 

The  unavoidable  loss  of  heat  from  the  calorimeter  to  sur- 
rounding objects  during  the  experiment  is  most  easily  got  rid 
of  by  making  the  initial  temperature,  as  nearly  as  possible,  as 
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much  below  the  temperature  of  the  room  as  the  final  tonij)era- 
ture  t  will  be  above  it.  The  rise  of  the  temi>erature  which  may 
be  expected  is  determined  by  a  preliminary  experiment,  or  if 
the  specific  heat  be  approximately  known  it  may  be  calculated 
with  BufiScient  accuracy  ;  to  fulfil  this  condition  with  Rufiiciont 
approximation  the  change  of  temperature  in  tlio  calorimeter 
must  not  exceed  a  moderate  quantity  (io°).  Further,  to  re- 
duce the  radiation  and  the  loss  by  conduction  as  much  as  possible, 
the  vessel  should  have  a  bright  i>olished  siuface,  ancl  Hhoukl 
be  placed  upon  a  badly  conducting  support,  such  as  three  points 
of  wood  or  crossed  silk  threads. 

103.  Method  of  ooolinir- — Equal   weightH    of   two  bodies 
raised  to  the  same  temperature  and  allowed  to  cool  under  ])rc- 
dsely  similar  circumstances  will  occupy  different  times  in  cooling 
through  the  same  niunber  of  degrees.     In  order  to  ensure  the 
exact  fulfilment  of  these  conditions,  a  multitude  of  precautions 
are  necessary  which  cannot  be  detailed  here.     The  result,  how- 
ever, is  that  by  observing  the   intervals   of    time  which  are 
necessary  for  equal  volumes  of  the  two  bodies  to  fall  one  degree 
we  obtain  the  ratio  of  the  quantities  of  heat  which  they  lose, 
and  this  being  determined  for  equal  volumes,  the  quantities  for 
equal  weights  may  be  inferred  from  the  specific  gravities  of  the 
bodies,  and  the  specific  heats  will  thus  be  obtained.      The  sub- 
stances to  be  examined  aro  all  reduced  to  an  impalpable  powder, 
and  filled  successively  into  the  same  cylindrical  silver  vessel, 
gilded  and  highly  polished  externally,  in  the  axis  of  which  is  the 
bulb  of  the  thermometer  by  which  the  progress  of  the  cooling  is 
to  be  shown.     The  silver  vessel,  supported  by  the  stem  of  the 
thermometer,  is  suspended  in  the  middie  of  a  large  brass  re- 
ceiver, coated  internally  with  lampblack,  from  which  the  air  can 
be   completely  removed.      This  is  inunersed  in  water  at  40°, 
and  when  the  thermometer  inside  the  apparatus  marks  35°,  it  is 
transferred  to  melting  ice.     The  thermometer  is  now  watched 
through  a  telescope,  and  the  instants  at  which  it  marks  20°, 
15®,  10°,  and  5°  are  noted.      If  z  and  zf  are  respectively  the 
times  required  by  equal  weights  of  two  difierent  bodies  for 
cooling  through  the  same  range  of  temperature,  say  from  10°  to 
5®,  then  we  shall  have  the  proportion — 

Heat  lost  by  first  body  :  Heat  lost  by  second  body  ::z  :  z\ 

Or,  5  ws  :  5  w/::2j :  2', 

8        Z 

hence-p  =  ^ 
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This  waa  applied  with  considerable  success  by  Dulong  and 
Petit,  and  also  by  Regnault,  who  submitted  this  method  to  very 
careful  examination  and  found  that  it  was  impossible  to  obtain 
results  of  any  value  by  its  application  in  the  case  of  solids, 
because  the  method  assiunes,  which  is  not  quite  the  case,  that 
the  cooling  in  all  parts  is  equal,  and  that  all  substances  part 
with  their  heat  to  the  silver  case  with  equal  facility. 

104.  Specific  beat  of  liquids. — This  may  be  determined 
either  by  the  method  of  cooling,  by  that  of  mixtures,  or  by  that 
of  the  ice  calorimeter.  In  the  latter  case  they  are  contained  in 
a  small  metal  vessel,  or  a  glass  tube,  which  is  placed  in  the  cen- 
tral compartment,  and  the  experiment  is  then  made  in  the  usual 
manner. 

When  different  liquids  are  mixed,  or  when  solids  are  dis- 
solved in  liquids,  chemical  phenomena  are  generally  developed, 
in  consequence  of  which  the  specific  heat  of  the  mixture  differs 
from  that  which  it  would  have  if  the  constituents  were  merely 
interfused  without  any  change  in  their  thermal  qualities.  Like 
the  other  qualities  of  the  constituents,  their  specific  heats  are 
in  this  case  modified  ;  and  the  compound  is  generally  found  to 
have  a  less  specific  heat  than  that  which  would  be  inferred  from 
the  specific  heats  of  its  components.  When  the  chemical  com- 
bination is  thus,,  as  it  is  almost  universally,  attended  by  a  dimi- 
nution in  the  specific  heat  of  the  compound  as  compared  with 
that  which  would  be  computed  from  the  specific  heats  of  its 
components,  it  is  also  found  that  the  volume  of  the  mixture  is 
less  than  the  sum  of  the  volumes  of  its  compoimds,  and  that  the 
temperature  of  the  mixture  is  higher  than  the  common  tempera- 
ture of  the  liquids  mixed. 

Thus,  for  example,  if  a  pint  of  water  and  a  pint  of  sulphuric 
acid,  both  of  the  temperature  of  14°,  be  mixed,  the  mixture 
will  rise  to  the  temperature  of  100°,  and  the  volume  of  the 
mixture  will  be  considerably  less  than  a  quart.  The  chemical 
attraction  of  the  particles,  therefore,  in  this  and  like  eases,  pro^ 
duces  condensation,  and,  in  fact,  the  same  effect  ensues  as  woidd 
be  produced  by  compression.  The  elevation  of  temperature  may 
be  explained  in  exactly  the  same  maimer  as  when  bodies  are  coiv 
pressed  by  mechanical  force.  The  specific  heat  of  the  mixture 
being  less  than  that  which  is  due  to  its  component  parts,  and  the 
absolute  quantity  of  heat  contained  in  it  not  being  diminished, 
that  quantity  will  raise  it  to  a  much  higher  temperature  than 
that  which  it  would  have  had  if  the  specific  heats  remained 
unaltered. 
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The  following  Table  containB  the  specific  heats  of  the  most 
important  liquids,  as  determined  by  various  observers. 

Specific  Heats  of  Liquids. 


Sabstanoe 


Temperature 


Specific  Heat 


Lead 

Sulphur 

Bismuth 

Tin 

Chloride  of  calcium,  crystallised   . 
Nitrate  of  sodium  .... 

Nitrate  of  potassium     .... 

Mercury 

Iodine 

Bromine 

Sulphuric  acid 

Wood-spirit 

Alcohol  (Kopp) 

„      (Favre  and  Silbermann)   . 

Fusel-oil 

Ethal 

Ether  .         .        .        . 

Formic  acid 

Acetic    „ 

Butyric  ....... 

Formate  of  ethyl 

Acetate  of  methyl         .        .        ,         . 

Acetate  of  ethyl 

Butyrate  of  methyl       .... 
Valerate  of  methyl        .... 

Acetone 

Benzine 

Oil  of  mustard 

Oil  of  turpentine  (Favre  and  Silbermann) 


350  to 

120  „ 

280  „ 

250  „ 

33  » 
320  „ 

350     M 

44  » 

45  to 
46 

43 
43 


>> 


ft 


»> 


450 

150 
380 

350 
80 

430 

435 
24 

II 
21 

23 
23 


44  to    26 


45  to  24 
45  »  24 
45  »  21 
39  »  20 
41  „  21 
45  "  21 
45  »    21 

45  » 
41  » 

46  ,, 
48 


)> 


21 
21 

19 
28 


00402 

•234 
•0363 

•0637 

'555 

•413 

•3319 
•0332 

•10822 

•107 

•343 
•645 
•615 

•6438 
•564 

•5059 
•50342 
•536 
•509 

•503 

•313 
•507 

•496 

•487 
•491 

•530 
•450 
•432 
•46727 


105.  Speclflo  beat  of  water  and  loe. — The  specific  heat 
of  water  at  different  temperatures  has  been  determined  by  Reg- 
nault,  from  whose  experiments  it  appears  that  the  quantity  of 
heat  expressed  in  heat  units  which  one  gramme  of  water  loses  in 
cooling  down  from  ^®  to  0°  C.  is  given  by  the  formula 

q  =  t  +  o*cxxx)2  t^  +  o*ooocxx)3  t^  ; 

and  the  specific  heat  0  at  the  temperature  t^y  that  is  to  say,  the 
quantity  of  heat  required  to  raise  one  gramme  of  water  from  t° 
to(«  +  i)°,  is 

c-i  +  0*00004  *  +  0*OOOOCX59** 

I 
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From  this  formula  the  following  numbers  are  obtained  : — 

Specific  Heat  of  Water. 


t. 

q. 

C. 

1 

I   t. 

q. 

c. 

o 
O 

lOO 

O'OOO 

50-087 

100*500 

1*0000 
1*0042 
1*0130 

0 

150 

200 

230 

151*462 
203*200 
234*708 

1*0262 
1*0440 
1*0568 

The  specific  heat  of  ice  is  considerably  less  than  that  of  liquid 
water.  According  to  Regnault's  experiments  it  is  0*474  between 
—  78®  and  0°  C,  and  0*504  between  —  20°  and  o®  according  to  the 
experiments  of  Person  and  of  Desains. 

106.  Selation  between  specific  heat  and  atomic  weigrht. 
— On  comparing  together  the  numbers  expressing  the  specific 
heat  of  the  simple  bodies,  with  those  which  express  their  atomic 
weights  or  chemical  equivalents,  Dulong  and  Petit  observed 
that  the  one  increased  in  almost  the  exact  proportion  in  which 
the  other  diminished,  so  that  by  multiplying  them  together,  a 
product  very  nearly  constant  was  obtained. 

From  this  it  would  follow,  upon  the  atomic  hypothesis,  that 
the  specific  heats  of  the  atoms  of  all  the  simple  bodies  are  equal. 
For  in  equal  weights,  the  number  of  constituent  atoms  will  be 
great  in  proportion  as  the  individual  weights  of  these  atoms  are 
small.  The  number  of  atoms,  therefore,  in  equal  weights,  be- 
ing inversely  proportional  to  the  weights  of  the  atoms,  and  the 
specific  heats  being  also  inversely  proportional  to  the  weights  of 
the  atoms,  it  f oUows  that  the  specific  heats  of  equal  weights  are  in 
the  proportion  of  the  number  of  atoms  contained  in  those  weights, 
and  that,  consequently,  the  specific  heats  of  the  component  atoms 
must  be  equal. 

This,  therefore,  is  a  quality  in  which  the  atoms  of  all  sim- 
ple bodies,  however  they  may  differ  in  other  respects,  agree 
— that  their  temperatures  are  equally  affected  by  the  same  quan- 
tity of  heat. 

That  this  law  is  not  rigorously  exact,  however,  is  proved  by 
the  fact  that  the  specific  heat  of  the  same  body  is  different  at 
different  temperatures  and  in  different  states. 

It  has  resulted  from  the  researches  of  Kegnault,  that  the 
relation  between  the  specific  heats  and  atomic  weights,  observed 
by  Dulong  and  Petit  in  the  simple  bodies,  also  prevails  among 
compound  bodies  ;  and  that,  in  general,  in  all  compound  bodies 
ol  the  same  atomic  composition  and  having  similar  chemical  con- 


SPECIFIC  HEAT.  115 

stitution,  the  specific  heat  is  in  the  inverse  ratio  of  the  atomic 
weight.  The  law  is,  however,  subject  to  some  qualifications  and 
exceptions. 

107.  Relations  between  tlie  spectfio  heats  of  liqnid 
and  solid  bodies,  and  tbelr  ooeffldents  of  expansion  at 
different  temperatures. — The  specific  heat  of  any  substance 
includes,  not  only  the  portion  of  heat  required  to  cause  in  it  a 
given  alteration  of  temperature,  but  also  the  (quantity  of  heat 
which  is  expended  in  modifying  its  condition  of  molecular 
equilibrium,  and  whose  most  obvious  external  effect  is  an  altera- 
tion of  the  volume  of  the  substance.  Although  no  certain  data 
exist  for  calculating  the  ratio  of  these  two  parts  of  the  total 
specific  heat,  except  in  the  case  of  gases,  it  is  nevertheless  pro- 
bable that  the  former  part,  or  the  real  specific  heat  of  a  substance, 
remains  the  same  for  all  conditions.  Hence,  variations  in  the 
total  or  apparent  specific  heat  must  be  supposed  to  result  from 
variations  in  the  amount  of  heat  expended  in  overcoming  the 
molecular  forces. 

In  sensibly  perfect  gases,  the  consumption  of  heat  in  this 
manner  is  the  same  at  all  temperatures,  and  so  small  as  to  be 
negligible  ;  accordingly,  both  the  real  and  apparent  specific  heats 
of  gases  are  constant  at  all  temperatures.  On  the  other  hand,  the 
molecular  changes  which  accompany  alterations  of  temperature 
in  liquid  and  solid  bodies  are  such  as  require  the  expenditure  of 
very  considerable  quantities  of  heat  to  produce  them.  These 
changes  doubtless  consist  in  alterations  of  the  relative  position 
or  arrangement  of  the  molecules,  but  of  what  precise  kind  we 
have  no  means  of  ascertaining,  since  the  only  measurable  por- 
tion of  the  total  effect  is  the  externally  visible  change  of  volume. 

This  change  of  volume  cannot  be  taken  as  in  every  case  a 
measure  of  the  amount  of  molecular  work  performed  by  the  heat 
independently  of  causing  alteration  of  temperature  ;  for,  as  we 
know,  the  communication  of  heat  to  water  below  4®  C.  causes 
a  change  of  bulk  of  the  opposite  kind  to  that  which  it  occasions 
above  that  temperature;  but  we  may  nevertheless  probably 
admit  without  great  error  that,  as  a  general  rule,  the  proportion 
of  the  total  quantity  of  heat  required  to  raise  the  temperature 
of  a  given  substance  1°,  which  is  consumed  in  producing  mole- 
cular changes,  is  greatest  at  those  points  of  the  thermometric 
scale  at  which  the  greatest  amount  of  expansion  accompanies  a 
rise  of  temperature  of  i®,  and  is  least  at  those  points  at  which 
the  corresponding  expansion  is  least.  If  this  supposition  be 
admitted,  it  accounts  satisfactorily  for  the  fact  that  both  the 
specific  heats  of  solid  and  liquid  bodies  and  their  ooeficients  of 
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expansion  increase,  as  a  rule,  with  rise  of  temperature  ;  and 
that  both  these  properties  vary  most  rapidly  in  the  neighbour- 
hood of  those  temperatures  at  which  changes  of  the  state  of 
aggregation  occur. 

io8.  Selatlon  of  specific  lieat  to  various  phenomena. — 
The  specific  heat  of  bodies  diminishes  as  their  density  is  in- 
creased, and  vice  versd.  This  partly  explains  the  fact  that 
mechanical  compression  will,  without  any  addition  of  heat,  raise 
the  temperature.  If  metal  be  hammered  it  becomes  hot,  and  it 
is  even  affirmed  that  iron  has  been  rendered  incandescent  in  this 
manner. 

The  syringe  in  which  compressed  air  is  made  to  inflame 
tinder  acts  partly  on  this  principle.  The  air  compressed  under 
the  syringe  acquires  a  greatly  diminished  specific  heat,  and, 
consequently,  although  it  has  received  no  heat  from  any  ex- 
ternal souiFce,  the  same  heat  which  before  compression  only  gave 
it  the  common  temperature  of  the  surrounding  medium,  gives 
it,  after  compression,  a  temperature  high  enough  to  produce 
the  ignition  of  a  highly  inflammable  substance  like  tinder. 

The  circumstance  that  rarefied  air  has  an  increased  capacity 
for  heat  will  partly  explain  the  very  low  temperatures  which  are 
known  to  exist  in  the  higher  regions  of  the  atmosphere. 

This  effect  becomes  extremely  sensible  when  we  ascend  to 
any  considerable  height,  as  has  been  manifest  in  ascending  high 
mountains  and  in  balloons.  Upon  these  occasions,  the  cold  has 
sometimes  become  so  intense  that  mercury  in  the  thermometer 
has  been  frozen.  In  strata  so  elevated  that  the  permanent 
temperature  of  the  air  is  below  o°,  water  cannot  continue  in  the 
liquid  state  ;  it  exists  there  only  in  the  form  of  ice  or  snow, 
and  we  accordingly  find  eternal  snow  deposited  upon  those  parts 
of  high  mountains  which  exceed  this  limit  of  temperature. 

The  level  of  that  stratum  of  air  which  by  its  rarefaction 
reduces  the  temperature  to  o°  is  called  the  line  of  perpetual  snow, 
and  its  position  in  different  parts  of  the  earth  varies,  the  height 
increasing  generally  in  approaching  the  equator,  and  falling 
towards  the  poles.  The  various  conditions  which  affect  the 
position  of  this  line  in  different  parts  of  the  earth  are  explained 
further  on. 

The  elevation  of  temperature  produced  by  the  compression 
of  gases  has  supplied  means  of  reducing  some  of  them  to  the 
liquid  form.  Gases  may  be  considered  as  vapours  raised  from 
liquids,  which  have  received,  after  their  separation  from  the 
liquid  which  produced  them,  a  large  additional  supply  of 
heat.     It  is  to  the  effects  of  this  surplus  heat  that  their  per- 


SPECIFIC  HEAT.  117 

manent  maintenance  in  the  gaseous  state  must  be  ascribed.  If, 
by  any  means,  they  can  be  deprived  of  this  surplus  heat,  so 
that  no  heat  shall  be  left  in  them  except  that  which  they 
received  in  the  process  of  vaporisation,  any  further  loss  of 
heat  would  necessarily  cause  them  to  return,  in  mure  or  less 
quantity,  to  the  liquid  form.  But  if  the  speciHc  heat  bo  so 
great  that,  notwithstanding  all  the  heat  transmitted  to  the  gas 
after  taking  the  ▼aporous  form,  it  still  has  attained  only  the 
common  temperatiure  of  the  atmosphere,  it  is  clear  that  it  can 
only  be  restored  to  the  liquid  form  either  by  reducing  its  tem- 
perature to  an  immense  extent,  by  the  application  of  freezing 
mixtures,  or  by  first  raising  its  temperature  by  high  degrees  of 
mechanical  compression,  and  then  allowing  it  to  fall  to  the  tem- 
perature of  surrounding  objects,  or,  in  fine,  by  combining  both 
these  methods.  Thus  atmospheric  air,  at  the  common  tempera- 
ture of  50°  F.,  being  compressed  into  a  diminished  volume,  in 
the  proportion  of  loooo  to  3,  its  temperature  would  be  raised 
through  an  extent  of  135CX)  degrees,  according  to  Leslie's  expe- 
riment. This  heat  being  immediately  abstracted  by  the  sur- 
rounding objects,  its  temperature  would  fall  to  that  of  the 
medium  in  which  it  is  placed.  Thus,  without  the  application  of 
a  freezing  mixtiu-e,  or  other  means  of  cooling,  an  immense 
abstraction  of  heat  may  be  effected  ;  and  this  may  be  continued 
so  long  as  a  mechanical  force  adequate  to  the  further  compres- 
sion of  the  gas  could  be  exerted.  Freezing  mixtures  may  then 
be  applied  to  the  further  reduction  of  temperature.  Methods 
of  producing  the  liquefaction  ef  certain  gases  will  be  explained 
hereafter. 

The  explanation  of  various  phencmiena  given  in  this  and  the 
following  article  may  serve  in  the  mean  time,  but  will  receive 
considerable  modifications  and  extensions  hereafter  in  the 
chapter  on  the  dynamical  theory  of  heat,  in  which  the  relation 
between  heat  and  mechanical  work  is  discussed  on  the  basis  of 
more  recent  investigations. 

109.  Speolflo  heat  of  gSLEeB  and  vapours. — In  general  no 
practicable  force  can  prevent  the  dilatation  of  solids  and  liquids 
when  their  temperature  is  elevated.  This,  however,  is  not 
the  case  with  gases  and  vapours,  which,  when  heat  is  imparted 
to  them,  may  either  be  permitted  to  expand  under  a  given  pres- 
sure, like  solids  and  liquids  ;  or  may  be  confined  to  a  given 
volume,  which  they  will  continue  to  fill  in  consequence  of  their 
elasticity,  however  their  temperature  may  be  lowered,  and  which 
they  will  not  exceed,  however  their  temperature  may  be  raised. 
In  this  case,  the  heat  imparted  or  abstracted  is  manifested  by  a 
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corresponding  change  of  pressure  of  the  gas  or  vapour  instead 
of  dilatation  or  contraction. 

By  the  specific  heat  of  a  gas  or  vapour  may  thus  be  under- 
stood its  specific  heat  v)hen  subject  to  a  constant  pressure^  that  is, 
when  it  is  allowed  to  expand  or  contract ;  while  on  the  other 
hand  we  may  apply  the  term  to  the  heat  necessary  to  raise  the 
gas  or  vapour  one  degree,  when  confined  vnthin  a  constant  volume. 
Tills  last  has,  for  distinction,  been  called  the  relative  heat. 

The  specific  heat  of  a  gas  or  vapour  under  a  constant  pres- 
sure is  greater  than  under  a  constant  volume.  This  would 
follow  from  the  following  considerations,  but  the  important 
b 'taring  which  the  fact  has  in  connection  with  recent  views  on  the 
nature  of  heat  will  be  seen  further  on.  Suppose  a  given  quantity 
of  gas  to  have  had  its  temperature  raised  t  degrees,  while  the 
pressure  remained  constant ;  this  increase  of  temperature  will 
have  been  accompanied  by  a  certain  increase  of  volume.  If  now 
the  gas  were  compressed  again,  so  as  to  restore  it  to  its  original 
volume,  the  temperature  of  the  gas  will  rise  in  consequence  of  the 
compression  by  an  additional  number  of  degrees,  which  we  will 
denote  by  t\  The  gas  is  now  obviously  in  the  same  condition 
as  if  it  had  been  heated  but  not  been  allowed  to  expand.  Hence 
the  same  quantity  of  heat  which  was  required  to  raise  the  same 
weight  of  gas  through  t  degrees  while  the  pressure  was  constant 
and  the  volume  altered,  raised  the  temperature  through  t  +  t^ 
degrees  while  the  volume  remained  constant,  but  the  pressure 
varied.  Hence  the  specific  heat  of  a  gas  under  constant  pressure 
is  greater  than  the  specific  heat  under  constant  volume  in  the 
proportion  oi  t  -i-t'  :  t. 

For  atmospheric  air,  oxygen  and  hydrogen,  the  ratio  of  the 
specific  heat  under  a  given  pressure  is  to  the  specific  heat  in  a 
given  volume  as  i  '421  to  i.  Fbr  carbonic  acid  it  is  1*338  ;  for 
carbonic  oxide,  i  '428  ;  for  nitrous  oxide,  i  '343  ;  and  for  olefiant 
gas,  I  '240. 

The  expansion  of  high-pressure  steam  escaping  from  the 
safety  valve  forms  a  remarkable  instance  that  the  same  quanti- 
ties of  heat  may  give  very  different  temperatures  to  a  body,  in 
different  states  of  density.  Steam  produced  under  a  pressure  of 
2 1  atmospheres  has  the  temperature  of  2 1 5°  C.  When  such  steam 
escapes  into  the  atmosphere,  it  undergoes  a  prodigious  expan- 
sion without  losing  heat,  and  suffers  a  considerable  fall  in 
temperature. 

Under  equal  pressures  the  simple  gases  have  the  same  specific 
heat.  This  uniformity,  however,  does  not  prevail  among  the 
compound  gases,  as  will  appear  by  the  tables  of  specific  heat  of 
the  gases. 
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1 10.  Voimnla  for  tbe  Tariatioii  of  speoifle  beat  oonse- 
qnent  on  oban^e  of  premmre. — The  law  according  to  which  the 
same  gas  varies  its  specific  heat  with  the  change  of  pressure  or 
density  is,  according  to  Poisson,  expressed  by  the  formula — 


8 


s'x 


m 


l-L 


where  p  expresses  the  pressure  in  inches  of  mercury,  s'  the  spe- 
cific heat  under  the  mean  pressure  of  30  inches,  and  k  the  con- 
stant number,  which  expresses  the  ratio  of  the  specific  heat 
under  a  given  pressure  to  the  specific  heat  under  a  given  volume, 
which,  in  the  case  of  common  air  and  the  simple  gases,  is  i  '421, 
as  has  been  already  explained. 

III.  Influence  of  difference  in  tbe  physical  condition. — 
It  results  from  Itegnault's  determinations  of  the  specific  heats 
of  gases  and  vapours,  that  the  specific  heat  of  a  given  weight  of 
a  gas  which  obeys  Boyle's  law  does  not  alter  with  variations 
either  of  temperature  or  of  pressiure.  This  was  found  to  be 
true  of  atmospheric  air  between  the  temperatures  of  —  20°  and 
+  225°,  and  at  pressures  varying  from  i  to  12  atmospheres. 
Consequently  the  specific  heat  of  a  given  volume  of  air,  or  other 
non-condensable  gas,  varies  directly  as  its  density.  In  gases 
which  do  not  follow  Boyle's  law,  this  regularity  does  not  exist : 
thus  the  specific  heat  of  carbonic  anhydride  is  found  to  increase 
perceptibly  as  its  temperature  rises,  being  0*18427  between  —  30® 
and  10°,  and  0*20246  between  10°  and  100°,  and  0*2 1692  between 
10°  and  210°,  as  compared  with  that  of  an  equal  weight  of  water. 
The  following  table  gives  the  specific  heat  of  various  gases 
and  vapours  examined  by  Regnault,  compared,  first,  with  an 
equal  weight  of  water  taken  as  unity  ;  secondly,  with  that  of  an 
equal  volume  of  air  referred  as  before  to  its  own  weight  of  water 
as  unity.  The  latter  series  of  nimibers  is  obtained  by  multi- 
plying the  nimibers  expressing  the  specific  heats  of  equal  weights 
of  the  various  gases  or  vapours,  by  their  respective  densities 
referred  to  that  of  air  as  i. 


Name  of  Q-as 

Specific  Heats 

Eqnal  weights 

Equal  volumes 

Air 

Oxygen 

Nitrogen 

Hydrogen 

0-2374 

•217s 

•2438 

3-4090 

0-2374 
•2405 
•2370 

•2359 
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Name  of  Gas 

Specifio  Heats 

Equal  weights 

Eqnal  volumes 

Chlorine 

0*I2I0 

•2962 

Bromine 

1 

•OSSS 

•2991 

Nitrous  Oxide 

1 

•2238 

•3447 

Nitric  Oxide . 

i 

•2315 

'2406 

Carbonic  Oxide     , 

•2450 

•2370 

Carbonic  Anhydride 

•2163 

•3307 

Sulphurous  Anhydride 

•1544 

•3414 

Hydrochloric  Acid 

•1845 

•2333 

Sulphydric  Acid   . 

•2431 

•2857 

Ammonia 

•5083 

•2996 

Marsh  gas     . 

•5929 

•3277 

defiant  gas  . 

'4040 

•4106 

Name  of  Vapour 

Water 

•4805 

0*2984 

Sulphide  of  carbon 

« 

•1570 

•4140 

Alcohol 

•4534 

7171 

Ether     . 

• 

•4810 

1*2296 

Chloride  of  ethyl 

•2737 

0*6096 

Bromide  of  ethvl 

•1816 

•6777 

Sulphide  of  ethyl 

•4005 

1*2568 

Cvanide  of  ethyl  . 
Chloroform    . 

•4261 

•8105 

•1566 

•6565 

Acetate  of  ethyl 

•4008 

1*2184 

Acetone 

•4125 

•8341 

Benzine 

•3754 

1*0114 

Oil  of  turpentine 

•5061 

2*3776 

Stannic  Chloride  .... 

•0939 

•8639 

Comparing  these  values  with  those  given  for  some  of  the 
same  substances  in  the  previous  table,  it  appears  that  the  specific 
heat  of  the  same  body  is  commonly  greater  in  the  liquid  than 
in  the  solid  state,  and  alway  less  in  the  gaseous  than  in  the 
liquid  state. 

On  examining  the  numbers  above  given  for  the  specific  heats 
of  different  bodies,  it  will  be  seen  that  the  specific  heat  of  a 
substance  is  not  altogether  an  absolute  and  unchangeable  pro- 
perty ;  on  the  contrary,  it  will  be  evident  that  this  property,  in 
one  and  the  same  substance,  is  capable  of  considerable  variation, 
depending  (a)  on  the  physical  structure  of  the  substance,  (b)  on 
its  temperature,  (c)  on  its  state  of  aggregation.  In  illustration 
of  this  remark,  it  will  be  sufficient  to  refer  to  the  specific  heats  of 
carbon,  silicon,  selenium,  sulphur,  phosphorus,  alumina,  and 
carbonate  of  calcium,  as  given  in  the  previous  table,  in  evidence 
of  the  influence  of  differences  of  physical  condition. 
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112.  Smnmary  of  laws  reinlatlngr  tlie  spectflo  heat  of 
bodies. — As  has  been  already  stated,  many  of  the  facts  referring 
to  specific  heat  will  have  to  be  further  considered  in  the  chapter 
on  the  theory  of  heat.  It  will  therefore  be  useful  to  recapitulate 
the  principal  laws  for  future  reference. 

A.  Solids,  i.  The  specific  heat  of  a  solidis  greater  at  a  high 
temperatv/re  tha/n  at  a  low  one.  This  is  shown  by  such  experi- 
mental results  as  the  following,  due  to  Dulong  and  Petit. 


Substance 


Mean  Spedfic  Heat. 


Iron 

Zinc 

Antimony 

Silver  . 

Copper 

Platinum 

Glass    . 


Between  o°  and 
loooa 


0*1098 
0*0927 
0*0507 
0-0557 
0*0949 

O-03S5 
0*1770 


Between  0°  and 
300°  C. 


0-I2I8 

0-1015 

0*0549 

o*o6ii 
0*1013 
0*0355 
0*1990 


Platinimi  forms  within  the  limits  ef  these  experiments  an 
apparent  exception. 

2.  The  specififC  heat  of  the  sa/me  mihsta/iuie  differs  with  the 
density y  the  state  of  aggregation,  and  is  different  for  diifferent  alio- 
tropic  states. — In  general,  whatever  augments  the  density 
diminishes  the  specific  heat,  and  whatever  diminishes  the 
density  augments  the  specific  heat.  It  depends  possibly  on  this 
fact,  that  in  consequence  of  expansion,  which  diminishes  the 
density  of  a  substance,  the  specific  heat  at  a  higher  temperature 
is  greater  than  at  a  lower.  The  following  table  exhibits  the 
specific  heat  of  carbonate  of  lime,  sulphur,  and  carbon,  in 
Afferent  states  of  aggregation  and  allotropism. 

Carbonate  of  IAtm. 

Aragonite 0*2085 

Iceland  spar 0*2085 

Chalk 0*2148 

White  marble    .......  0*2158 

&ulpTiur. 

Eecently  melted         .        .  .  .  ^  0^1844 

Hel ted  lesA  than 'two  months  ..  .  0*1803 

Melted  lees  than  two  years  .  .  .  0*1764 

I^atural  crystals        ^        .  .  .  .  0*1776 
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Carhon. 

Animal  charcoal 0*2608 

Wood  charcoal 0*2415 

Coke 0*2008 

Graphite 0*2018 

Diamond 0*1468 


B.  Liquids,  i.  A  mthstaiice  when  liquid  has  in  general  a 
greater  specific  heat  than  when  solid.  The  specific  heat  of  ice  is 
only  one  half  that  of  water. 

2.  The  specific  heat  of  liquids  increases  in  general  with  the 
temperature,  and  at  a  rate  exceeding  that  of  solids.  This  is  shown 
by  the  following  comparative  little  table,  which  also  shows  that 
platinum  forms  no  exception  to  the  general  law. 


Water  (Regnault). 


Platinum  (Pouillet). 


Fromo  to  40 
o  „  80 
o  ,,  120 
o  „  160 
o  „  200 
o  „  230 


1*0013 

1*0035 

I  *oo67 

1*0109 
.  1*0160 

I  -0204 

0    0 
From  0  to  100 

.  00335 

„  0  „  300 

.  00343 

„  0  „  500 

.  00352 

„  0  „  700 

.  0*0360 

„  0  „  1000 

.  0*0373 

„  0  „  1200 

.  0*0382 

0.  Gases,  i.  The  same  body  has  a  higher  specific  heat  in  the 
liquid  than  in  the  solid  state,  hut  in  the  condition  of  a  gas  its 
specific  heat  is  less  than  when  it  is  liquid.  The  specific  heat  of 
water  is  more  than  twice  as  great  as  that  of  steam. 

2.  The  specific  heat  of  a  given  weight  of  an  approximately 
perfect  gas  does  not  va/ry  with  the  temperature  of  the  gas. 

3.  The  specific  heat  of  a  given  weight  of  such  a  gas  is  inde- 
pendent of  its  presswre  or  density,  or,  the  specific  heat  of  a  given 
volume  varies  as  its  density.^ 

4.  The  specific  heais  of  equal  vokvmes  of  simple  and  inconr- 
densdble  gases  are  equaL  This  law  holds  also  for  compound 
gases,  which  are  formed  without  condensation,  such  as  hydro- 
chloric acid  gas  and  nitric  oxide. 

5.  These  laws  do  not  hold  for  condensable  gases.  The  specific 
heat  of  carbonic  acid  increases  with  the  temperature. 
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CHAPTER  VII. 

LIQUEFACTION   AND   SOLIDIFICATION. 

113.  Tbermal  phenomena  attending  liqneflactlon. — It  has 

been  already  explained,  that,  in  general,  when  heat  is  imparted 
in  sufficient  quantity  to  a  solid  body,  such  body  will  at  a  certain 
point  pass  into  the  liquid  state  ;  and  when  it  is  abstracted  in 
sufficient  quantity  from  a  liquid,  the  liquid  at  a  certain  point 
will  pass  into  the  solid  state. 

Certain  thermal  phenomena  of  great  interest  and  importance 
are  developed  in  the  progress  of  these  changes,  which  it  will 
now  be  necessary  to  explain. 

Let  us  suppose  that  a  mass  of  ice  or  snow,  at  the  temp  ora- 
ture  of  —  6°  is  placed  in  a  vessel  and  immersed  in  a  bath  of  quick- 
silver, under  which  spirit-lamps  are  placed.  Let  one  thermometer 
be  immersed  in  the  ice  or  snow,  and  another  in  the  mercury. 
Let  the  number  and  flame  of  the  lamps  be  so  regulated  that  the 
thermometer  in  the  mercury  shall  indicate  the  uniform  tempe- 
rature of  95°.  The  mercury  imparting  heat  to  the  vessel  con- 
taining the  ice  will  first  cause  the  ice  to  rise  from  —  6°  to  0°, 
which  will  be  indicated  by  the  thermometer  immersed  in  the 
ice  ;  but  when  that  thermometer  has  risen  to  0°  it  will  become 
stationary,  and  the  ice  willbegin  to  be  liquefied.  This  process 
of  liquefaction  will  continue  for  a  considerable  time,  during 
which  the  thermometer  will  continue  to  stand  at  0° ;  at  the 
moment  that  the  last  portion  of  ice  is  liquefied  it  will  again  begin 
to  rise.  The  coincidence  of  this  elevation  with  the  completion 
of  the  liquefaction  may  be  easily  observed,  because  ice,  being 
lighter,  bulk  for  bulk,  than  water,  will  float  on  the  surface,  and 
so  long  as  a  particle  of  it  remains  unmelted  it  will  be  visible. 

Now  it  is  evident  that,  during  this  process,  the  mercury 
maintained  at  95°  constantly  imparts  heat  to  the  ice  ;  yet,  from 
the  moment  the  liquefaction  begins  until  it  is  completed,  no 
increase  of  temperature  is  exhibited  by  the  thermometer  im- 
mersed in  the  ice.  If  during  this  process  no  heat  were  received 
by  the  ice  from  the  mercury,  the  lamps  would  cause  the  tempe- 
ratiure  of  the  mercury  to  rise  above  95°,  which  may  be  easily 
proved  by  withdrawing  the  vessel  of  ice  from  the  mercurial  bath 
during  the  process  of  liquefaction.  The  moment  it  is  withdrawn, 
the  thermometer  immersed  in  the  mercury,  instead  of  remaining: 
fixed  at  95°,  would  immediately  begin  to  rise,  although  the- 
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action  of  the  lamps  remained  the  same  as  before  ;  from  which  it 
is  obvious  that  the  heat,  which  on  the  removal  of  the  ice  causes 
the  mercury  to  rise  above  95°,  was  before  imparted  to  the  melt- 
fig  ice. 

It  appears,  therefore,  that  the  heat  which  is  received  by  the 
melting  ice  during  the  process  of  liquefaction  is  latent  in  it, 
be'ng  incapable  of  affecting  the  thermometer  or  the  senses. 

If  the  hand  be  plunged  in  the  ice  at  the  moment  it  begins  to 
melt  and  at  the  moment  that  its  liquefaction  is  completed,  the 
sense  of  cold  wiU  be  precisely  the  same,  notwithstanding  the 
large  quantity  of  heat  which  must  have  been  imparted  to  the  ice 
during  the  process  of  liquefaction. 

114.  Beat  latent  in  liquefaction. — The  quantity  of  heat 
which  is  absorbed  and  rendered  latent  in  the  process  of  liquefac- 
tion can  be  directly  ascertaimed  by  the  calorimeter  of  Laplace 
and  Lavoisier.  To  ascertain  this  in  the  case  of  ice,  it  is  only 
necessary  to  place  a  pound  of  water  at  any  known  temperature 
in  the  apparatus,  and  observe  the  weight  of  ice  it  will  dissolve 
in  falling  to  any  other  temperature.  In  this  way  it  will  be  found 
that  in  falling  through  79°* 2 5  it  will  dissolve  a  pound  of  ice  ;  and 
in  general,  any  proposed  weight -of  water,  in  falling  through  this 
range  of  temperature,  will  give  out  as  much  heat  as  will  dissolve 
its  own  weight  of  ice. 

Hence  it  is  inferred  that  when  ice  is  liquefied,  it  absorbs 
and  renders  latent  as  much  heat  as  would  be  sufficient  to  raise 
its  own  weight  of  water  from  0°  to  0°  +  79^*25  =  79*25. 

The  latent  heat  of  water  has  for  the  last  half -century  been 
estimated  a  degree  or  two  less,  that  having  been  ihe'  result  of 
the  experimental  researches  df  Lavoisier  and  Laplace.  Dr. 
Black's  estimate  was  140°,  and  that  of  Cavendish  150°  on 
Fahrenheit's  scale.  A  series  of  experiments  have  been  made, 
under  conditions  of  greater  precision,  by  MM.  de  la  Provostaye 
and  Desains,  from  which  the  above  value  has  been  derived. 

The  most  recent  determination  lias  been  made  by  Bunsen, 
with  his  ice-calorimeter.  The  latent  heat  of  water  was  found 
by  him  to  be  80*025. 

Dr.  Black,  who  first  noticed  this  remarkable  fact,  inferred 
that  ice  is  converted  into  water  by  communicating  to  it  a  cer- 
tain dose  of  heat,  which  enters  into  combination  with  it  in  a 
manner  analogous  to  that  which  takes  place  when  be^es  com- 
bine chemically.  The  heat  thus  combined  with  the  ice  losing  its 
property  of  affecting  the  senses  or  the  thermometer,  the  pheno- 
menon bears  a  resemblance  to  these  cases  of  chemical  combina- 
tion in  which  the  constituent  elements  change  their  sensible 
propel  lias  when  they  form  the  oompounA. 
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115.  latent  heat  rendered  sensible  by  conirelatlon. — If  it 

be  true  that  water  is  formed  by  the  combination  of  a  large  quan- 
tity of  heat  with  ice,  it  would  necessarily  follow  that,  in  the 
reconversion  of  water  into  ice,  or  in  the  process  of  congelation,  a 
corresponding  quantity  of  heat  must  be  disengaged.    This  fact  can 
be  easily  established  by  reversing  the  experiment  just  described. 
Let  us  suppose  that  a  vessel  containing  water  at  1 5°  is  im- 
mersed in  a  bath  of  mercury  at  the  temperature  of  1 5°  below 
the  freezing  point.     If  one  thermometer  be  immersed  in  the 
mercury  and  another  in  the  water,  the  former  will  gradually 
rise  and  the  latter  fall,,  until  the  latter  indicates  0°.     This  ther- 
mometer will  then  become  stationary,  and  the  water  will  begin 
to  freeze ;  meanwhile  the  thermometer  immersed  in  the  mer- 
cury will  still  rise,  proving  that  the  water  while  it  freezes  con- 
tinually imparts  heat  to  the  mercury,  although  the  thermometer 
immersed  in  the  freezing  water  does  not  fall.     When  the  conge- 
lation is  completed,  and  the  whole  quantity  of  water  is  reduced 
to  the  solid  state,  then^  and  not  until  then,  the  thermometer 
immersed  in  the  ice  will  again  begin  to  fall.     The  thermometer 
immersed  in  the  mercury  will  rise  without  interruption,  until  the 
two  thermometers  meet  at  some  temperature  below  0°. 

It  is  evident  from  this,  that  the  heat  which  was  latent  in  the 
water  while  in  the  liquid  state  is  gradually  disengaged  in  the 
process  of  congelation  ;  and  since  the  temperature  of  the  ice 
remains  the  same  as  that  of  the  water  before  congelation,  the 
heat  thus  disengaged  must  pass  to  some  other  object,  which  in 
this  case  is  the  mercury. 

When  congelation  takes  place  under  ordinary  circumstances, 
.  the  latent  heat  which  is  disengaged  from  the  water  which 
becomes  solid  is  in  the^  first  instance  imparted  to  the  water 
which  remains  in  the  liquid  state.  When  this  water  passes  into 
the  solid  state,  the  heat  which  is  disengaged  from  it  is  trans- 
mitted to  the  adjacent  water  whijch  remains  in  the  liquid  state  ; 
and  so  on. 

116.  Otber  metboda.  of  determiningr  tbe  latent  beat  of 
water. — The  latent  heat  of  water  may  be  further  determined 
experimentally  as  follows.  Let  two  equal  vessels,  one  contain- 
ing a  pound  of  ice  at  0°,  and  the  other  containing  a  pound  of 
water  at  0°,  be  both  immersed  in  the  same  mercurial  bath,  main- 
tained by  lamps  or  otherwke  at  the  uniform  temperature  of 
300°,  and  let  thermometers  be  placed  in.  the  ice  and  the  water. 
The  ice  will  immediately  b^in  to/  melt^  and  the  thermometer 
immersed  in  it  will  remain  stationary.  The  thermometer 
immersed  in  the  water  will,  however,  at  the  same  time  begin  to 
rise.     When  the  liquefaction  of  the  ice  has  been  completed^  and 
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the  thermometer  immersed  in  it  just  begins  to  rise,  the  thermo- 
meter immersed  in  the  water  will  be  observed  to  stand  at 
79° '2  5.  It  follows,  therefore,  supposing  the  ice  and  the  water 
to  receive  the  same  quantity  of  heat  from  the  mercury  which 
surrounds  them,  that  as  much  heat  is  necessary  to  liquefy  a 
pound  of  ice  as  is  sufficient  to  raise  a  pound  of  water  from  0° 
to  79° '2  5.  which  is  79*25  thermal  units  ;  a  result  which  confirms 
what  has  hoen  already  stated. 

The  following  experiments  will  further  illustrate  this  impor- 
tant fact. 

First  let  a  pound  of  ice  at  0°  be  placed  in  a  vessel,  and  let  a 
pound  of  water  at  79° '2 5  be  poured  into  the  same  vessel.  The 
hot  water  will  gradually  dissolve  the  ice,  and  the  temperature 
of  the  mixture  will  rapidly  fall ;  when  the  ice  has  been  com- 
pletely dissolved,  the  water  formed  by  the  mixture  will  have  the 
temperature  of  0°.  Thus,  although  the  pound  of  warm  water 
has  lost  79°*25,  the  pound  of  ice  has  received  no  increase  what- 
ever of  temperature.  It  has  merely  been  liquefied,  but  retains 
the  same  temperature  as  it  had  in  the  solid  state. 

That  it  is  the  process  of  liquefaction  alone  which  prevents 
the  heat  received  by  the  ice  when  melted  from  being  sensible  to 
the  thermometer,  may  be  proved  by  the  following  experiment. 

Let  a  pound  of  water  at  0°  be  mixed  with  a  pound  of  water 
at  79° '2  5,  and  the  mixture  will  have  the  temperature  of  39° '62, 
exactly  intermediate  between  the  temperatures  of  the  com- 
pounds. But  if  the  pound  of  water  at  0°  had  been  solid  instead 
of  liquid,  then  the  mixture  would  have  had,  as  already  ex- 
plained, the  temperature  of  0°.  It  is  evident,  therefore,  that  it 
is  the  process  of  liquefaction',  and  it  alone,  which  renders  latent 
or  insensible  all  that  heat  which  is  sensible  when  the  pound  of 
water  at  0°  is  liquid. 

117.  Klqueflaotion  and  oongrelatlon  always  grradnal. — It 
might  be  supposed  that  water  at  0°  would  pass  at  once  from 
the  liquid  to  the  solid  state,  on  losing  the  least  portion  of  heat ; 
and  that,  on  the  other  hand,  a  mass  of  ice  would  pass  instantly 
from  the  solid  to  the  liquid  state,  on  receiving  the  least  addition 
of  heat.  What  has  been  just  explained,  however,  shows  that 
this  sudden  transition  from  the  one  state  to  the  other  cannot 
take  place. 

When  a  mass  of  water  losing  heat  gradually  is  reduced  to  0°, 
small  portions  of  ice  are  formed,  which  give  out  their  latent  heat 
to  the  surrounding  liquid,  and  for  the  moment  prevent  its  con- 
gelation. As  this  liquid  parts  with  its  heat  to  surrounding  ob- 
jecta,  more  ice  is  formed,  which,  in  like  manner,  disengages  its 
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latent  heat,  and  communicates  it  to  a  portion  of  the  water  still 
remaining  liquid,  thus  tending  to  raise  its  temperature  and  keep 
it  in  the  liquid  state.  The  rapidity  of  the  congelation  will  de- 
pend on  the  rate  at  which  the  uncongealed  portion  of  the  water 
can  impart  its  heat  to  the  surrounding  air  and  other  adjacent 
obiects. 

The  same  principles  explain  the  gradual  process  of  the  lique- 
faction of  ice.  A  small  portion  of  ice  first  receives  heat  from 
some  external  source,  and  having  received  as  much  heat  as 
would  raise  its  own  weight  of  water  through  79°' 2  5  of  the  ther- 
mometric  scale,  it  becomes  liquid.  Then  an  additional  portion 
of  ice  receives  the  same  addition  of  heat,  and  is  likewise  ren- 
dered liquid  ;  and  so  the  process  goes  on,  until  the  whole  mass 
of  ice  is  liquefied. 

It  is  possible,  under  certain  circumstances,  to  maintain  water 
in  the  liquid  state  below  the  freezing  point.  If  a  vessel  of  water 
be  carefully  covered  up,  free  from  agitation,  and  exposed  to  a 
temperature  of  —  8°,  it  will  gradually  fall  to  that  temperature, 
still  remaining  in  the  liquid  state  ;  but  if  it  be  agitated,  or  a 
particle  of  ice  or  other  solid  body  be  dropped  into  it,  its  tem- 
perature will  suddenly  rise  too°,  and  a  portion  of  it  will  be  con- 
verted into  ice. 

The  explanation  of  this  fact  is  easy  if  it  be  considered  that 
the  portion  of  the  liquid  which  is  thus  suddenly  solidified  dis- 
engages its  latent  heat,  which  is  communicated  to  that  part  of 
the  water  which  still  remains  liquid,  and  raises  it  from  —  8°  to 
0°,  and  the  remainder  of  the  heat  thus  disengaged  becomes  sen- 
sible instead  of  being  latent  in  the  ice  itself,  whose  temperature 
it  raises  from  —  8°  to  0°.  It  follows,  from  what  has  been  already 
explained,  that  the  entire  quantity  of  latent  heat  disengaged  in 
this  case  would  be  suflBcient  to  raise  as  much  water  as  is  equal 
in  weight  to  the  ice  which  has  been  formed  through  79° '25,  or 
what  is  the  same,  it  would  raise  nearly  10  times  this  quantity  of 
water  through  8°.  Now  in  the  present  case  the  whole  quantity 
.  of  water  in  the  vessel,  including  the  frozen  part,  has  in  fact  been 
raised  8°,  and  it  would  follow,  therefore,  that  the  frozen  portion 
should  constitute  one  part  in  10  of  the  whole  mass. 

This  has  been  proved  experimentally  by  Thomson,  who 
showed  that  when  water  cooled  without  congelation  to  —  8°  was 
suddenly  agitated,  a  portion  was  congealed  which  bore  the  pro- 
portion to  the  whole  quantity  just  mentioned,  that  is  to  say  8 
parts  in  79*25  of  the  whole  mass.  He  found  likewise  that  the 
same  result  was  attained  when  the  water  cooled  to  any  other 
temperature  below  oP  without  congelation.    Thus  when  it  cooled 
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to  —  4°,  and  was  then  agitated,  it  was  found  that  the  20th  part 
of  the  whole  mass  was  congealed,  and  so  on. 

118.  Useful  effects  produced  by  latent  heat. — The  great 
quantity  of  heat  absorbed  by  ice  when  it  melts,  and  given  out 
by  water  when  it  freezes,  subserves  to  the  most  important  uses 
in  the  economy  of  nature.  It  is  from  this  cause  that  the  ocean, 
seas,  and  other  large  natural  collections  of  water  are  most  power- 
ful agents  in  equalising  the  temperature  of  the  inhabited  parts 
of  the  globe.  In  the  colder  regions,  every  ton  of  water  con- 
verted into  ice  gives  out  and  diffuses  in  the  surrounding  region 
as  much  heat  as  would  raise  a  ton  of  liquid  water  from  o®  to 
79° '2 5  ;  and,  on  the  other  hand,  when  a  rise  of  temperature 
takes  place,  the  thawing  of  the  ice  absorbs  a  like  quantity  of 
heat :  thus,  in  the  one  case,  supi^ying  heat  to  the  atmosphere 
when  the  temperature  falls  ;  and,  in  the  other,  absorbing  heat 
from  it  when  the  temperature  xises.  Hence  we  see  why  the 
variations  in  climate  are  less  on  the  sea-coasts  and  on  islands 
than  in  the  interior  of  large  continents. 

1 19.  latent  heat  of  other  bodies. — The  thermal  phenomena 
explained  above  with  reference  ta water  belong  to  a  general  class, 
and  are  common,  with  certain  modifications,  to  all  solids  which 
are  transformed  into  liquids  by  the  addition,  and  to  all  liquids 
which  are  transformed  into  solids  by  the  abstraction,  of  heat. 
Thus,  if  a  mass  of  tin,  have  its  temperature  raised  by  the  addi- 
tion of  heat  until  it  attain  the  temperature  of  235°,  it  will  then 
become  stationary,  notwithstanding  it  receive  further  increments 
of  heat ;  but  the  moment  it  becomes  stationary,  its  fusion  will 
begin,  and  it  will  continue  steadily  at  the  temperature  of  235° 
until  it  be  completed;  but  the  moment  the  last  particle  of  tin 
has  been  melted,  its  temperature  will  begin  to  rise. 

In  the  same  manner,  if  lead  be  submitted  to  an  increase  of 
temperature,  it  will  begin  to  liquefy  when  it  reaches  the  tem- 
perature of  334°  ;  and  notwithstanding  the  additional  quantities 
of  heat  imparted  to  it,  its  temperature  will  not  rise  above  334° 
until  its  fusion  is  completed.  In  a  word,.  aJI  metals  whatever,  and 
in  general  all  solids  which  by^  elevation  of  temperature  are  fused, 
undergo,  during  the  process  of  fusion,  no  elevation  of  tempera- 
ture ;  the-  heat  imparted  to  them,  during  this  process  becoming 
latent  in  them,  since  it  does  not  affect  the.  thermometer. 

This  heat  is  called  the  latent  heat  of  fudovi,  and  its  quantity 
for  eack  body  is  determined  by  means  similar  to  those  already 
explained  for  water. 

1 2CX  Points  of  Aision. — Different  solids  are  fused  at  different 

^6tzzip6!ratureS)  but  the  same  solid  is  always  fused  at  the  same 

temperature,  which  tempei&tuca  i&  caUfid  its  ^nt  of  fusion. 
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This  point  of  fusion  constitutes,  therefore,  a  specific  character  of 
the  solid.  The  quantity  of  heat  rendered  latent  during  the  fusion 
of  different  metals  is  different,  but  always  the  same  for  the  same 
metal.  This  quantity  is  generally  estimated  or  expressed  by  the 
number  of  degrees  which  it  would  raise  the  temperature  of  a 
pound  of  water,  supposing  a  pound  of  the  body  in  question  to 
undergo  the  change  from  the  solid  to  the  liquid  state.  In  the 
same  manner,  all  liquids  which,  by  the  loss  of  heat,  are  converted 
into  solidSf  have  a  certain  point,  the  same  for  each  liquid,  but  dif- 
ferent for  different  liquids,  at  which  they  pass  into  the  solid  form. 
This  point  is  called  their  point  of  solidificationj  or  their  freezing 
point.  It  is  customary  to  apply  the  latter  term  only  to  such 
bodies  as  at  common  temperatures  are  found  in  the  liquid  state. 

The  point  at  which  a  body  in  the  liquid  state  solidifies  is  the 
same  as  that  at  which  the  same  body  in  the  solid  state  is  lique- 
fied ;  the  points,  therefore,  of  solidification  or  congelation  are 
the  same  as  the  points  of  fusion  or  liquefaction  for  the  same 
bodies.  Thus,  the  point  of  fusion  for  ice  is  the  same  as  the 
freezing  point  for  water. 

Two  conditions  are  therefore  necessary  to  the  fusion  of  a 
solid  body  :  first,  its  temperature  must  be  raised  to  the  point  of 
fusion  ;  and,  secondly,  it  must  receive  a  certain  quantity  of  heat, 
called  its  heat  of  fusion,  which  will  become  latent  in  it  when  the 
fusion  has  been  completed. 

In  like  manner  two  conditions  are  necessary  to  the  congela- 
tion or  solidification  of  a  liquid  :  first,  it  must  be  reduced  to  its 
freezing  point ;  and,  secondly,  it  must  be  deprived  of  a  certain 
quantity  of  heat,  which  exists  latent  in  it,  and  maintains  it  in 
the  liquid  state. 

The  experimental  laws  of  fusion  may  hence  be  enunciated 
thus  : — 

I.  Every  substance  begins  to  fuse  at  a  cei'tain  temperature, 
which  is  invariable  for  each  substance  if  the  pressure  be  constant. 

II.  Whatever  be  the  intensity  of  the  sowrce  of  heat,  from  the 
moment  fusion  commences  the  temperatwre  of  the  body  ceases  to 
rise,  and  remains  constant  until-  the  fusion  is  complete. 

In  the  following  table  are  given  the  points  of  fusion  of  the 
several  bodies  named  in  the  first  column  : — 


The  authorities  are  indicated  as  follows  : — 

Irvine,  I. 
£rniann,  E. 
Crichton,  Cr, 
Dumas,  Da. 
Gay  Lussac,  G.L. 


Clarke,  CI. 
Pouillet,  P. 
Vauquelin,  V. 
Daniell,  Da. 
Murray,  M. 


GuytoD  Morveau,  G. 


Th^nard,  T. 
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Taife  thawing  the  Point  of  FwaUm  nf  varimis  Subatanea  in 
Jhgrees  of  Fahreuhfit'i  Thermumeter. 


Platin 


oucht  i 


Englieh  « 

Franch       umu 

Steel  (Uoat  ru>ib1c)     .        ■        ■ 

„     (most  Hiiible)     . 
Cut  iDiogineH  .... 
brown,  fusible   . 

.,       Tsrv  fufible 
white,  riuibiB 


Gold,  ve 


AUoy 

Alloy 
Alloy 
Alloy 
Allov 
Allny 
AUny 
Alloy 


I  pirtlmd 
I  part  lud 


'  4  parts  tin,  i  part  lud 
■  3  parts  lin,  i  part  laad     . 
F  2  paru  tin,  i  port  lead     . 
'  I  part  lin,  i  part  lead 
r  I  part  lin,  3  pnrts  lend 
'  3  parts  tin,  I  part  bwmufh 

ijy  4  parts  tin,  1  part  lead,  5  parts  bis- 


Alloy  3  parti  lead,  3  parts  tin,  s  P"" 
Alloy   5  parts  lend,  3  parts  tin,  B  parts 
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Table  showing  the  Point  of  Fimon,  dec. — continued. 


Table  of  Sab8tanc?8 


Soda 

Potash 

Phosphorus 

Stearic  acid  .... 

Wax,  bleached 

„    .  unbleached 

Margaric  acid < 

Stcarine < 

Spermaceti 

Acetic  acid 

Tallow 

Ice 

Oil  of  turpentine 

Mercury 


Deflrrecs  of 
Pahr. 


194 

162 

136 

109 

100 

158 

154 
142 

131 
to 

140 

120 

to 

109 

120 

"3 
92 

32 

14 
—38-2 


Authorities 


1 


G.L.,  T.,  P. 
G.L.,  T. 

P. 

M. 


P. 


Table  of  Fasing-points  in  Centigrade  Degrees, 


Names  of  Substances 


Wrought  iron 
Steel  . 

Cast  iron  (grey)  . 


»» 


(white) 


Gold  (pure) 

Copper 

Silver 

Cadmium 

Antimony 

Zinc  . 

Lead  . 

Bismuth 

Tin     . 

Sulphur 


{ 
{ 
{ 


Degrees 
of  Cent. 


o 
1600 

1300 

to 

1400 

IIOO 

to 
1200 

1050 

to 

IIOO 

1200 

1090 

1000 

500 

425 
423 

334 
270 

235 
"5 


Names  of  Substances 


Iodine 
Silenium     . 
Sodium 
Potassium  . 
Stearic  acid 
Wax,  bleached 

„     unbleached 
Tallow 
Spermaceti 
Paraffin 
Phosphorus 
Butter 
Olive  oil     . 
Linseed  oil 
Ice     . 

Oil  of  almonds 
Oil  of  turpentine 
Bromine 
Mercury     . 


of  Cent. 


114 
217 

956 

625 

70 

68 

61 

33 

477 

463 

44 

33 
10 

I 

o 

-  9 

—  10 

-245 
-38-8 


k2 
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121.  Alloys. — It  is  found  that  alloys  composed  of  a  mixture 
of  two  or  more  metals,  in  certain  proportions,  frequently  liquefy 
at  a  much  lower  temperature  than  either  of  the  constituents. 
This  will  be  seen  on  reference  to  the  above  table,  and  still  more 
by  inspection  of  the  following  table,  which  gives  some  of  the 
most  recent  researches. 


Table  of  FvMiig-points  of  some  AUoys. 


Lead 

(Fusing  point, 

334°  C.) 

Bismuth 

(Fnning  point, 

270°  C.) 

Tin 

(Fusing  point, 

235°  C.) 

Fusing  point  of 
Alloy. 

I    part 

0  part 

I    part 

189 

*      »» 

0     „ 

1-5  » 

169 

*      '» 

0     „ 

2    parts 

171 

I      >> 

0     „ 

3      » 

180 

*■      »> 

0     „ 

4      » 

186 

*      >i 

0     „ 

5      » 

192 

I      » 

0     „ 

6      ., 

194 

1-5  M 

0     „ 

I    part 

211 

2   parts 

0     „ 

*      »» 

227 

3      » 

0     „ 

*      »» 

250 

4            M 

0     ,, 

*■      »» 

259 

5      » 

0     „ 

*■      »» 

267 

6      „ 

0     „ 

*■      it 

270 

8      „ 

8  parts 

3    parts 

94*5 

8      „ 

8    „ 

8     „ 

123-3 

i6      „ 

8    „ 

12      „ 

140-0 

30      „ 

8    „ 

24     » 

119-0 

Thus  a  solder  composed  of  4  parts  of  lead  and  6  of  tin  fuses 
at  336°  on  Fahrenheit's  scale.  An  alloy  composed  of  8  parts  of 
bismuth,  5  of  lead,  and  3  of  tin,  liquefies  at  a  temperature  below 
that  of  boiling  water  ;  and  an  alloy  composed  of  496  bismuth, 
310  lead,  177  tin,  and  26  mercury,  fuses  at  162° -5  F.  If  a  thin 
strip  of  this  alloy  be  dipped  into  water  that  is  nearly  boiling  hot, 
it  will  melt  like  wax.  The  same  will  obviously  happen  with 
the  alloy,  mentioned  in  the  above  table,  which  consists  of  8 
parts  of  lead,  8  parts  of  bismuth,  and  3  parts  of  tin,  and  the 
melting  point  of  which  is  94° '5  0.  This  alloy  is  often  alluded 
to  as  Rosens  fimble  metal.  Another  alloy,  called  Wood's  fusible 
metal,  consisting  of  2  parts  of  cadmium,  2  of  tin,  4  of  lead,  and 
8  of  bismuth,  melts  even  at  a  temperature  of  between  66°  and 
71°.  It  maybe  dropped  in  the  melted  state  upon  the  open 
palm  of  the  hand  without  the  least  inconvenience. 

Some  bodies,  like  water,  pass  from  the  complete  solid  to  the 
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complete  liquid  state  without  passing  Uirough  any  intermediate 
degrees  of  aggregation,  while  others,  like  wax,  tallow,  and  butter, 
become  soft  at  temperatures  considerably  below  those  at  which 
they  are  liquefied  ;  and  there  are  others,  like  glass  and  some  of 
the  metals,  which  never,  at  any  temperature,  attain  absolute 
fluidity. 

122.  Snlpliiir. — Sulphur  also  presents  some  curious  excep- 
tional circumstances  in  its  state  of  aggregation  at  different  tem* 
peratures.     If  heat  be  gradually  and  slowly  imparted  to  it,  it 

*will  be  fused  and  become  very  fluid  at  115°.  If  the  supply  of 
heat  be  continued,  it  will  change  its  colour  at  160°,  and  become 
red  and  viscous  and  considerably  less  fluid  at  220°.  At  length, 
heat  being  further  supplied,  and  its  temperature  being  raised 
from  220°  to  400°,  it  will  become  altogether  red,  opaque,  and 
acquire  the  consistency  of  a  thick  paste.  At  440°  the  mass  is 
converted  into  a  red  vapour.* 

123.  Solutions. — The  freezing  points  of  liquids  are  generally 
lowered  when  solids  are  dissolved  in  them.  Thus,  when  salt  is 
dissolved  in  water,  the  freezing  point  of  the  solution  is  always 
below  o®,  and  its  distance  below  it  depends  on  the  quality  and 
quantity  of  salt  in  solution. 

The  strong  acids  generally  freeze  at  much  lower  tempera- 
tures than  water,  and  if  they  be  mixed  with  water,  the  freezing 
point  of  the  mixture  will  hold  an  intermediate  position  between 
those  of  water  and  the  pure  acid.  The  freezing  points  of  the 
acids  themselves  vary  with  their  strength,  but  not  according  to 
any  known  or  regular  law. 

124.  latent  beat  of  ftision. — The  latent  heat  of  fusion  has 
not  been  extensively  investigated.  M,  Person  has,  however, 
determined  it  for  the  bodies  named  in  the  following  table.  The 
unit  of  the  numbers  expressing  the  latent  heat  is  the  quantity 
of  heat  necessary  to  raise  the  same  weight  of  water  from  0°  to 


Water    . 

.      79-25 

Tin 

.     14-251 

Phosphorus     . 

.        5-034 

Bismuth . 

.     12*640 

Sulphur  . 

.        9-368 

Lead 

•       5-369 

Sodic  nitrate   . 

.     62975 

Zinc 

-    .     28-13 

PotAssic  nitrate 

.     47-371 

Silver 

.    2107 

Calcium  chloride 

.     407 

Mercury  . 

.      283 

Sodic  phosphate 

.    66-8 

"Wax,  imbleached     , 

.    43-51 

An  Alloy  of 

3  parts  bismuth 

,  2  lead,  2  tin  . 

4-496 

tt      >>      )) 

2 

l>                    ii 

*     »>     2  ,,     .        • 

4-687 

125.  Facility  of  liquefaotion  proportional  to  the  quaii* 
tkty  of  latent  beat. — The  different  quantities  of  latent  heat 
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peculiar  to  different  bodies,  explain  the  different  degrees  of 
facility  with  which  they  are  liquefied.  Ice  liquefies  very  slowly, 
because  its  latent  heat  is  considerable.  Phosphorus  and  lead,  on 
the  other  hand,  whose  latent  heat  is  small,  melt  very  rapidly. 
Ice  cannot  be  liquefied  until  it  has  received  as  much  heat  as 
would  raise  its  own  weight  of. water  79*25  ;  while  lead  and 
phosphorus  are  liquefied  by  as  much  heat  as  would  raise  their 
own  weight  of  water  5°.  Hence  it  will  be  understood  why  it  is 
that  glaciers  and  vast  depths  of  snow  continue  on  mountain 
ridges,  such  as  the  Alps,  in  spite  of  the  heat  imparted  to  them 
during  the  hottest  summers  ;  such  heat,  however  considerable, 
being  only  sufficient  to  liquefy  a  portion  of  their  superficial 
strata,  which  descends  the  declivities,  and  feeds  the  streams  and 
rivers  of  which  they  are  the  sources. 

The  circumstance  of  water  continuing  in  the  liquid  state 
below  its  freezing  point,  when  kept  free  from  agitation,  is  not 
peculiar  to  that  liquid.  Tin  fused  in  a  crucible  was  cooled  by 
Mr.  Crichton  2°  below  its  melting  point,  and  yet  remained  liquid ; 
and  similar  phenomena  have  been  observed  with  other  metals. 
In  all  such  cases,  the  moment  solidification  commences,  the 
liquid,  as  in  the  case  of  water,  suddenly  rises  to  its  point  of 
fusion  ;  and  the  same  causes  in  all  cases  favour  solidification. 

1 26.  Refractory  b odies. — ^Bodies  which  are  difficult  of  fusion 
ai*e  called  refractory  bodies.  Among  these,  one  of  the  most  re- 
markable is  carbon  or  charcoal,  one  form  of  which  is  the  precious 
stone  called  the  diamond.  -  No  degree  of  heat,  as  yet  attained, 
has  reduced  this  substance  to  the  liquid  state  ;  indeed,  diamond 
being  crystallised  charcoal,  it  is  probable  that  if  the  fusion  of 
charcoal  could  be  effected,  diamonds  could  be  fabricated.  Among 
the  most  refractory  bodies  are  the  earths,  such  as  lime,  alumina, 
barytes,  strontia,  &c.  Of  the  metals,  the  most  refractory  are 
iron  and  platinum,  but  both  of  these  are  fused  by  the  oxyhydro- 
gen  blowpipe,  as  well  as  by  the  galvanic  current. 

127.  Cbangre  of  volume  attending^  changre  of  state. — When 
a  liquid  passes  into  the  solid  state  by  the  absorption  of  heat,  a 
sudden  and  considerable  change  of  dimensions  is  frequently  ob- 
served. This  change  is  sometimes  an  increase  and  sometimes  a 
diminution,  and  in  some  cases  no  change  takes  place  at  all. 
When  mercury  is  cooled  to  its  freezing  point,  which  is  -  39°,  it 
undergoes  an  instantaneous  and  considerable  diminution  of  bulk 
as  it  passes  into  the  solid  state.  An  effect  exactly  the  reverse 
takes  place  with  water.  When  this  liquid  cools  down  to  0°,  it 
passes  into  the  solid  state,  and  in  doing  so  undergoes  a  consider- 
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able  and  irresistible  expansion.  So  great  is  this  expansion,  and 
so  powerful  is  the  force  with  which  it  takes  place,  that  large  rocks 
are  frequently  burst  when  water  collected  in  their  crevices 
freezes.  It  is  a  common  occurrence  that  glass  bottles  contain- 
ing water,  left  in  dressing-rooms  in  cold  weather,  in  the  absence 
of  fire,  are  broken  when  the  water  contained  in  them  freezes,  the 
expansion  in  freezing  not  being  yielded  to  by  any  corresponding 
dilatation  in  the  glass.  An  experiment  was  made  at  Florence 
on  a  brass  globe  of  considerable  strength,  which  was  filled  with 
water,  and  closed  by  a  screw.  The  water  was  frozen  within  the 
^lobe,  by  exposure  to  a  cold  below  0°,  and  in  the  process  of 
freezing  the  water  burst  the  globe.  It  was  calculated  that 
the  force  necessary  to  produce  this  effect  amounted  to  about 
28,000  lbs. 

This  sudden  expansion  of  water  in  freezing  is  a  phenomenon 
distinct  from  the  expansion  already  noticed,  which  takes  place 
as  the  temperature  is  lowered  from  4°  to  0°.  The  latter  expan- 
sion is  gradual  and  regular,  and  accompanied  by  a  gradual  and 
regular  decrease  of  temperature  ;  but,  on  the  other  hand,  the 
expansion  which  takes  place  when  water  passes  from  the  state  of 
liquid  to  the  state  of  ice  is  sudden  and  even  instantaneous,  and 
is  accompanied  by  no  change  of  temperature,  the  solid  ice  having 
the  temperature  of  0°,  and  the  liquid  of  which  it  is  formed 
having  had  the  same  temperature  just  before  congelation. 

When  water  is  cooled  below  0°  without  freezing,  the  expan- 
sion which  took  place  from  4°  to  0°  is  continued,  and  the  liquid 
continues  to  dilate  below  0°  :  when  it  is  afterwards  solidified  by 
agitation,  or  by  throwing  in  a  crystal  of  ice,  a  sudden  and  con- 
siderable expansion  takes  place  as  already  described,  but  this 
expansion  is  always  less  than  would  take  place  if  it  solidified  at 
0°,  by  the  quantity  of  expansion  which  it  suffered  in  cooling  from 
0°  to  the  temperature  at  which  it  was  solidified.  It  is  observed 
that  the  expansion  which  water  sufters  in  being  solidified  at  0° 
amounts  to  about  one-seventh  of  its  bulk.  If  it  be  solidified  at 
a  lower  temperature,  it  will  suffer  a  less  expansion  than  this  ; 
but  the  expansion  which  it  suffers  in  solidification  under  these 
circumstances,  added  to  the  expansion  which  it  suffers  in  cool- 
ing from  0°  downwards  previous  to  solidification,  wiU  always 
produce  a  total  amount  equal  to  the  expansion  which  it  would 
suffer  in  solidifying  at  0°.  Hence  the  total  expansion  which 
water  undergoes,  from  the  temperature  of  greatest  density  (4°) 
until  it  becomes  solid,  is  always  the  same,  whatever  be  the  tem- 
perature at  which  it  passes  from  the  liquid  to  the  solid  state. 
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The  same  observations  will  be  likewise  applicable  to  other  liquids 
similarly  solidified. 

If  a  quantity  of  liquid  phosphorus,  at  the  temperature  of 
90°,  be  gradually  cooled,  it  will  be  observed  to  suffer  a  regular 
contraction  in  its  dimensions,  according  to  the  general  laws  ob- 
served in  the  cooling  of  bodies.  When  it  is  cooled  to  the  tem- 
perature of  about  44%  it  passes  into  the  solid  state,  and  in  doing 
so  imdergoes  a  sudden  and  considerable  contraction.  Oils  gene- 
rally undergo  this  sudden  contraction  in  the  process  of  freezing. 

It  may  be  assiuned  as  generally  true,  that  bodies  which  crys- 
tallise in  freezing  undergo  a  sudden  expansion,  and  that  bodies 
that  do  not  crystallise  in  freezing,  for  the  most  part  suffer  a  sud- 
den contraction.  Sulphuric  acid,  however,  is  an  example  of  a 
liquid  which  passes  from  the  liquid  to  the  solid  state,  and  vice 
versa,  without  any  discoverable  expansion  or  contraction.  Most 
of  the  metals  contract  in  passing  from  the  liquid  to  the  solid 
state,  the  exceptions  being  cast  iron,  bismuth,  and  antimony, 
all  of  which  undergo  expansion  in  solidifying. 

It  is  evident  that  a  metal  which  contracts  in  solidifying  can- 
not be  made  to  take  the  exact  shape  of  the  mould.  It  is  for  this 
reason  that  money  composed  of  silver,  gold,  or  copper  cannot  be 
cast,  but  must  be  stamped.  Cast  iron,  on  the  contrary,  as  it 
dilates  in  solidifying,  takes  the  impression  of  a  mould  with  great 
precision,  as  do  also  certain  alloys  used  in  the  arts. 

The  most  striking  instance  of  sudden  contraction  in  cooling 
is  exhibited  in  the  case  of  mercury.  This  was  first  observed  in 
the  case  of  a  thermometer,  which,  when  exposed  to  a  tempera- 
ture about  40°  below  zero,  was  observed  to  fall  suddenly  through 
a  considerable  range  of  the  scale,  and  in  some  cases  the  mercury 
was  precipitated  into  the  bulb.  It  was  observed  that  the  ther- 
mometer being  exposed  to  a  temperature  lower  than  —40°,  the 
mercury  gradually  falls  until  it  arrives  at  about  —  38°,  and  that 
then  a  great  and  sudden  contraction  takes  place  at  the  moment 
the  metal  is  solidified. 

This  contraction,  however,  must  not  be  understood  as  indi- 
cating any  real  fall  of  temperature,  as  is  the  case  with  all  the 
previous  and  regular  contractions  which  take  place  before  the 
solidification  of  the  metal. 

Substances  which  soften  before  they  melt,  and  which  pass  by 
degrees  from  the  solid  to  the  liquid  state,  are  mostly  of  organic 
origin,  and  their  point  of  fusion  is  in  general  below  the  tempe- 
rature of  boiling  water.  Some  of  these,  which  are  of  most 
general  utility  in  the  arts,  are  the  following  : 
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Colophony  begins  to  melt  at  275°  on  Fahrenheit's  scale. 
Brown  wax      „  „  140  „ 

White  wax      „  „  150  „ 

Tallow  „  „  90  „ 

Pitich  ,  „  85  „ 

1 28.  mreldable  metals. — The  metals  capable  of  being  welded 
soften  before  they  are  fused  ;  and  the  heat  at  which  they  soften 
is  called  a  welding  heat.  The  metals  which  most  readily  admit 
of  being  welded  are  platinum  and  iron.  At  an  incipient  white 
heat  (1220°)  they  become  soft ;  and,  in  this  state,  pieces  of  the 
metal  may  be  intimately  imited  when  submitted  to  severe  pres- 
sure, or  when  passed  under  the  hammer.  The  metals  thallium, 
lithium,  and  potassium  afford  further  instances  of  this  property. 
Palladium  is  also,  in  a  minor  degree,  susceptible  of  it. 

129.  Freesingr  mixtures. — It  may  be  taken  as  a  physical 
law  of  high  generality,  that  a  solid  cannot  pass  into  the  liquid 
state  without  absorbing  and  rendering  latent  a  certain  quantity 
of  heat.  This  heat  may  be,  and  often  is,  supplied  from  some 
other  body  in  contact  with  that  which  is  liquefied.  But  if  no 
such  external  supply  of  heat  be  present,  and  if,  nevertheless, 
any  physical  agency  cause  the  liquefaction  to  take  place,  the 
body  thus  liquefied  will  actually  di*aw  upon  its  own  sensible 
heat.  While  it  is  liquefied,  it  will  therefore  fall  in  temperature 
to  that  extent  which  is  necessary  to  supply  its  latent  heat  of 
liquefaction  at  the  expense  of  its  sensible  heat. 

To  render  this  more  clear,  let  us  imagine  a  pound  of  ice  at 
the  temperature  of  0°  to  be  mixed  with  a  pound  of  liquid  having 
the  temperature  of  —  79*25°,  and  let  this  liquid  be  supposed  to 
have  the  property  of  dissolving  the  ice.  When  the  liquefaction 
is  completed,  the  temperature  of  the  mixture  will  be  —79*25°. 
Now  the  liquid,  which  is  here  supposed  to  be  the  solvent, 
neither  impels  heat  to  the  ice  nor  abstracts  heat  from  it.  The 
ice,  therefore,  now  liquefied,  contains  exactly  as  much  heat  as 
it  contained  before  liquefaction,  and  no  more.  But,  to  become 
liquid,  it  was  necessary  that  79° '2  5  of  heat  should  be  absorbed 
by  it,  and  become  latent  in  it.  This  79° '2  5  has  therefore  been 
transferred  in  the  ice  itself  from  the  sensible  to  the  latent  state. 

This  principle  has  been  applied  extensively  in  scientific  re- 
searches and  in  the  arts  for  the  production  of  artificial  cold,  the 
compounds  thus  used  being  called  freezing  mixtures. 

In  all  freezing  mixtures,  two  or  more  substances  are  com- 
bined, one  or  more  of  which  are  solid,  and  which  have  chemical 
properties,  in  virtue  of  which,  when  intimately  mixed  together, 
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they  enter  into  combination,  and,  in  combining,  liquefy.  The 
operation  is  so  conducted,  that  no  heat  is  supplied  either  by  the 
vessel  in  which  the  liquefaction  takes  place,  or  from  any  other 
external  source.  Such  being  the  case,  it  follows  that  the  heat 
absorbed  in  the  liquefaction  must  be  supplied  by  the  substances 
themselves  which  compose  the  mixture,  and  which  must  there- 
fore suffer  a  depression  of  temperature  proportional  to  the  quan- 
tity of  heat  thus  rendered  latent. 

The  cold  produced  will  be  increased  by  reducing  the  tempe- 
rature of  the  substances  composing  the  mixture  before  mixing 
them.  Thus,  let  a  and  b  be  the  substances  mixed.  Before 
being  combined,  let  them  be  reduced  to  o°  by  immersing  them  in 
snow.  Let  them  then  be  mixed,  and  let  the  latent  heat  of 
fusion  be  20°.  The  mixture  will  fall  to  —  20,  since  the  20°  of 
sensible  heat  will  be  absorbed.  But  if,  at  the  moment  of  mixing 
them,  their  temperature  had  been  20°,  then  the  temperature  of 
the  mixture  would  become  0°. 

The  substances  which  may  be  used  to  produce  freezing  mix- 
tures on  this  principle  are  very  various. 

If  equal  weights  of  snow  and  common  salt  at  0°  be  mixed, 
they  will  liquefy,  and  the  temperature  will  fall  to  —  20°. 

If  2  lbs.  of  crystallised  chloride  of  lime  and  i  lb.  of  snow  be 
separately  reduced  to  —  20°  in  this  liquid  and  then  mixed,  they 
will  liquefy,  and  the  temperature  will  fall  to  —  60°. 

If  4  lbs.  of  snow  and  5  lbs.  of  sulphuric  acid  be  reduced  to 
~  60°  in  this  last  mixture,  and  then  mixed,  they  will  liquefy, 
and  the  temperature  will  fall  to  ~  68°. 

If  a  pound  of  snow  be  dissolved  in  about  two  quarts  of 
alcohol  at  0°,  the  mixture  will  fall  nearly  to  —  25°.  If  fhe  same 
quantities  of  snow  and  alcohol,  being  reduced  in  this  mixture  to 
—  25°,  be  then  mixed,  the  temperature  of  the  mixture  will  be 
reduced  to  —  50°  ;  and  the  same  process  being  repeated  with  like 
quantities  in  this  second  mixture,  a  further  reduction  of  tem- 
perature to  —68°  may  be  produced  ;  and  so  on. 

1 30.  Table  of  ftreexinc  mixtures. — There  are  a  great  variety 
of  bodies  which,  by  combination,  serve  for  freezing  mixtures. 
The  following  table  has  been  collected  from  the  results  of  the 
researches  of  Walker  and  Lowitz,  the  results  being  given  in 
Fahrenheit's  degrees.  The  substances  are  indicated  by  letters 
as  follows  : — 


Water  . 

.     W 

Nitrate  of  potash 

.    NP 

Snow,  or  ice  . 

1 

„          ammonia 

.    NA 

Sulphate  of  ammonia 

.    SA 

Sulphuric  acid 

.     SA 

,,           soda  .        . 

.     SS 

Nitric  acid    . 

.    NA 
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Chloride  of  ammonia 

.   MA 

Hydrochloric  acid 

.    HA 

,,         Boda 

.    MS 

Dilute  . 

.       d 

,1         lime     . 

.    ML 

Crystallised  . 

c 

Carbonate  of  soda 

.     CS 

The  figures  prefixed  indicate  the  proportion  by  weight  in 
which  the  ingredients  are  mixed.  Thus,  68S  +  4ma  +  2np  +  4dN'A 
signifies  a  mixture  of  6  cz.  of  sulphate  of  soda,  4  oz.  of  chloride 
of  ammonia,  2  oz.  of  nitrate  of  potash,  and  4  oz.  of  dilute  nitric 
acid. 


5MA+SNP+16W 
5MA  +  5NP  +  8SS+16  W 
iNA+iW      . 

1  NA+i  CS+i  W  . 
3SS+2dNA  . 

6SS  +  4MA  +  2NP  +  4dNA 

6SS  +  5NA  +  4dNA 

9PS  +  4dNA  . 

9PS  +  6NA  +  4dNA 

8SS  +  5HA     . 

5SS  +  4dSA    . 

2I+1MS 

5  I  +  2MS+1  MA   . 
24  1+  10  MS  +  5  3IA  +  5  NP 
12I  +  5MS+5NA    . 

3l  +  2dSA      .         ... 

8I  +  5HA        . 

7l+4dNA      . 

4I+5  ML 

2  I  +  3  cML 

3I+4NP        .        .        . 
5PS  +  3NA  +  4dNA 

3  I  +  2  dNA      . 

8I  +  3dSA.f-3dNA 
iI+idSA       . 
3l  +  4]yiL       . 
2  1 4- 3  ML 
I  I  +  2  cML      . 
I  I  -h  3  cML 
8I+iodSA     . 


From 


o 
+  50 
+  50 

+  50 

+  50 

+  50 
+  50 

+  50 

+  50 
+  50 
+  50 

X 
X 
X 
X 

+  32 
+  32 
+  32 

+  32 
+  32 

+  32 

o 
o 

—  10 

—  20 
•f-20 

-15 

o 

-40 

-68 


To 

0 

+ 

10 

+ 

4 

+ 

4 

— 

7 

— 

3 

— 

10 

— 

14 

— 

12 

-  21 
O 

+  3 

-  5 

—  12 

-18 

-25 

-23 

-27 

-30 
-40 

-50 

-51 
-34 
-46 
-56 
-60 

-48 
-68 
-66 

-73 
-91 


Decrease 
of  ten) pe- 
nt tiiro 
produced 


o 
40 

46 

46 

57 

53 
60 

64 

62 

71 
50 
47 


55 

59 
62 

72 

82 

83 
34 
46 

46 
40 
68 

53 
66 

33 
23 


The  following  table  gives  results  of  freezing  mixtures  fie- 
quently  used,  the  materials  being  very  handy  for  producing 
required  reductions  of  temperature. 
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Materials 


f  Snow,  or  powdered  ice 
'•  \  Bay  salt      . 

fSnow 

'  \  Crystallised  calcium  chloride 
f  Nitrate  of  ammonia 
3-    \.  Water 

Sal-ammoniac 
.  Nitrate  of  potash 
^  *»  Sulphate  of  soda . 
Water 
.  Sulphate  of  soda . 
^'    »  Hydrochloric  acid 


1^ 


I 

3 

4 
I 

I 

5 

5 
8 

i6 

8 

5 


Fall  of  temperature  in 
Centigrade  degrees 


|Fromo°to  -2i° 
I  From  o®  to  -48'' 
}From+  10°  to  -15° 


►  From  +10°  to  -15* 


I  From  +10®  to  -17° 


Thirolier  produced  a  powerful  freezing  mixture,  by  solidify- 
ing carbonic  acid,  and  mixing  it  with  sulphuric  acid  or  sulphuric 
ether.  A  temperature  120°  below  zero,  and  therefore  152°  below 
the  freezing  point,  was  thus  produced. 

Mitchel,  repeating  the  experiment,  produced  a  still  more 
intense  cold.  He  exposed  alcohol  of  the  specific  gravity  of  0798 
successively  to  the  temperature  of  —90°  and  —  100°.  He  states 
that  at  the  former  temperature  it  had  the  consistency  of  oil,  and 
at  the  latter  resembled  melting  wax. 

If  these  experiments  can  be  relied  on,  it  may  be  inferred 
that  the  freezing  point  of  alcohol,  so  long  and  hitherto  so  vainly 
sought,  is  probably  about  — 102°,  or  about  102°  below  the  freez- 
ing point  of  water  and  60  degrees  below  that  of  mercury. 

To  ensure  success  in  experiments  on  extreme  cold  produced 
by  freezing  mixtures,  the  salts  used  must  not  have  lost  their 
water  of  crystallisation,  because  in  that  case  they  quickly  absorb 
water,  and  converting  it  into  ice  liberate  heat  and  obstruct 
the  cooling.  The  salts  and  ice  used  should  be  pulverised  so  as 
to  dissolve  quickly.  When  extreme  cold  is  required,  the  vessel 
containing  the  freezing  mixture  should  be  immersed  in  another 
vessel,  containing  also  a  freezing  mixture,  so  as  to  prevent  the 
mixture  under  experiment  from  receiving  heat  from  the  vessel 
which  contains  it,  and  a  sufficient  quantity  of  the  ingredients 
forming  the  freezing  mixture  should  be  used. 

The  greatest  natural  cold  of  which  any  record  has  been  kept 
was  that  observed  by  Professor  Hansteen  between  Krasnojarsk 
and  Nishne-Udmiks  in  55°  N.  lat.,  which  he  states  amounted  to 
-55°  (Reaum.  ?)  »  -9875  F. 
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At  Jakutak,  the  mean  temperature  of  December  ia  —44)°  F. 
Ib  1828,  from  Januajy  I  to  January  10,  the  mean  temperature 
of  that  place  waa  —  58°. 

In  the  expedition  to  Khiva,  in  December  1839,  the  Russian 
ftrmy  experienced  for  aeveial  successive  days  a  temperature  of 
-4i°-8  F. 

131.  Appartmu  for  prodnolnr  artlflelal  oold. — The  most 
Bimple  apparatus  for  using  a  freezing  mixture,  and  lowering 
by  means  of  it  the  temperature  of  water  or  any  given  sub- 
Etance,  is  represented  in  fig.  \i,  and  is  composed  of  a.  tin 
bucket^  BCD,  having  a  slightly  conical  form,  in  the  bottom  of 
which  is  a  circular  hole,  a  little  less  in  diameter  than  the  bottom. 
In  this  hole  is  soldered  the  mouth  of  another  tin  bucket,  u  b  f  h, 
alto  conical,  but  with  its  smaller  end  upwards.  A  space  w  is 
thus  left  between  the  two  tin  buckets,  in  which  the  water  or 
other  substance  to  be  cooled  is  placed. 

The  breezing  mixture  is  placed  in  another  vessel,  I  K  l  u, 
0!?.   43),  aimilar  in  form  to  the  bucket  a  s  0  d.     This  vessel 


I  K  L  M  ought  to  be  made  of  some  non-conducting  material. 
Common  glazed  earthenware  would  answer  the  purpose.  When 
the  freezing  mixture  is  placed  in  it,  the  vessel  a  b  c  s  is  im- 
mersed in  it  ;  so  that  the  cold  liquid  is  not  only  in  contact  with 
the  external  surface  of  the  tin  bucket  A  B  c  D,  but  also  with  the 
inner  surface  of  g  b  f  h.     The  water  w,  or  whatever  other  sub- 
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stance  it  is  required  to  cool,  is  therefore  quickly  reduced  in 
temperature. 

If  it  be  not  convenient  to  provide  a  vessel  such  as  i  K  l  m  in 
earthenware,  a  tin  vessel  thickly  coated  with  woollen  cloth  may 
be  used. 

The  freezing  apparatus  of  M.  Carrd  consists  essentially  of 
two  vessels  made  of  strong  galvanised  iron  plate,   and  con- 
nected by  means  of  a  metal  tube.     One  of  the  vessels,  which  we 
may  call  a,  is  a  cylindrical  boiler,  three  parts  filled  with  a  strong 
solution  of  ammonia.     The  other  vessel,  b,  called  the  freezer,  is 
slightly  conical,   and  consists  of  two  concentric  envelopes,  in 
such  a  manner  that  its  centre  being  hollow,  a  metal  vessel  con- 
taining the  water  to  be  frozen  can  be  placed  in  this  space.     Thus 
only  the  annular  space  between  the  sides  of  the  freezer  is  in  com- 
munication with  the  boiler  by  means  of  the  metal  tube.     The 
process  of  freezing  comprehends  two  distinct  operations.    First, 
the  boiler  being  placed  over  a  fire,  the  freezer  into  a  cold  water 
bath  ;  the  ammoniacal  gas  dissolved  in  the  water  is  disengaged, 
and  in  virtue  of  its  own  pressure  is  liquefied  in  the  freezer  along 
with  a  comparatively  small  amount  of  water.     When  the  ther- 
mometer inserted  in  the  boiler  indicates  a  temperature  of  about 
1 30°,  the  distillation  of  a  towards  b  is  stopped,  and  the  second 
operation  begins.     This  consists  in  placing  now  the  boiler  in 
the  cold  water  bath  and  the  freezer  outside,  care  being  taken  to 
wrap  round  it  some  dry  fiannel.     The  vessel  containing  the 
water  to  be  frozen  is  also  now  immediately  placed  inside  the 
freezer.     As  the  boiler  cools,  the  ammoniacal  gas  with  which  it 
is  filled  is  again  dissolved,  and  the  pressure  thus  decreasing 
rapidly  within  the  boiler,  the  ammoniacal  gas  which  has  been 
liquefied  in  the  freezer  assumes  as  rapidly  the  gaseous  form, 
and  passes  from  the  freezer  to  the  boiler,  to  be  re-dissolved  in 
the  water  remaining  in  the  latter.     During  this  passage  from 
the  liquid  to  the  gaseous  state  the  ammonia  absorbs  a  great 
quantity  of  heat,  which  is  withdrawn  from  the  water  in  the 
vessel  placed  into  the  freezer,  hence  this  water  freezes. 

1 32.  iLction  of  fluxes. — The  same  principle  which  explains 
the  effect  of  freezing  mixtures,  connected  with  the  fact  that 
alloys  and  mixtures  have  in  general  a  lower  fusing  point  than 
the  component  substances,  is  also  applicable  to  the  pheno- 
mena attending  fluxes  in  metallurgy.  Fluxes  are  certain 
bodies  which,  when  mixed  with  others,  cause  them  to  fuse  at 
lower  temperatures  than  their  proper  point  of  fusion.  It  is  by 
this  means  that  certain  metals  and  metallic  ores  are  fused,  when 
exposed  to  the  operation  of  blast  furnaces.     In  a  certain  sense 
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salt  may  be  said  to  be  a  flux  for  ice  ;  but  this  term  flux  is 
usually  limited  in  its  application  to  bodies  which  are  only  fused 
at  very  elevated  temperatures :  for  example,  in  enamelling, 
and  in  the  manufacture  of  glass  and  of  the  paste  by  which  pre- 
cious stones  are  imitated,  siliceous  sand  is  employed  in  greater 
or  less  proportion,  about  one-third  for  enamel,  and  nearly 
three-fourths  for  plate  glass.  Now  silica  is  not  fused  at  any  heat 
attainable  by  common  furnaces.  M.  Gaudin  was  the  first  to 
succeed  in  its  fusion,  by  means  of  the  oxy-hydrogen  blow-pipe, 
and  drew  it  into  threads  as  fine  as  filaments  of  silk.  When 
combined,  however,  with  proper  fluxes,  it  fuses  readily  in  the 
furnace.  The  fluxes  used  vary  according  to  the  purposes  for 
which  the  silica  is  applied,  but  they  consist  generally  of  soda, 
potash,  and  lime,  with  the  addition  of  lead  for  flint  glass,  and 
stannic  acid  for  enamel.  The  compound  which  results  from  the 
mixture  of  these  ingredients,  by  their  exposure  to  intense  heat, 
is  reduced  to  a  sort  of  pasty  fusion,  but  can  never  be  said  to 
undergo  positive  liquefaction.  Nevertheless,  the  beautiful 
transparency  of  Bohemian  glass,  plate  glass,  flint  glass,  and  the 
artificial  diamonds,  show  that  the  constituents  must  be  com- 
bined in  a  very  intimate  manner. 

Fine  earthenware  and  porcelain  are  also  fabricated  by  means 
of  fluxes  ;  in  these  cases  fusion  is  not  actually  produced,  nor  is 
there  the  same  intimate  combination  of  the  constituents  as  takes 
place  in  vitref action,  still  there  is  a  partial  combination,  and  an 
incipient  fusion.  The  fluxes  consist  here  also  of  soda,  potash, 
lime,  and  sometimes  magnesia ;  the  soda  and  potash,  how- 
ever, being  used  in  their  combined  form  of  feldspar. 

133*  Various  experimental  facts  and  practical  conse- 
quences.— Infusible  bodies  may  be  resolved  into  two  classes, 
those  which  are  refractory,  and  which  alone  can  be  properly  said 
to  be  infusible,  and  those  whose  fusion  is  prevented  by  their 
previous  chemical  decomposition  or  composition.  Before  the 
invention  of  the  oxy-hydrogen  blow-pipe,  and  other  scientific 
expedients  for  the  production  of  intense  heat,  the  number  of 
refractory  substances  was  much  more  considerable  than  it  is  at 
present.  Scarcely  any  body  can  be  said  to  be  absolutely  in- 
fusible except  charcoal,  which,  under  all  its  forms  of  pure  carbon, 
anthracite,  graphite,  and  diamond,  has  resisted  fusion  at  the 
highest  temperature  which  has  yet  been  produced. 

The  term  refractory,  however,  is  still  applied  to  those  classes 
of  substances  which  resist  fusion  by  ordinary  furnaces. 

When  certain  compound  bodies  are  exposed  to  an  intense 
heat,  they  are  resolved  into  their  constituents  before  they  attain 
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the  point  of  fusion  ;  and  in  other  cases  simple  bodies  enter  into 
chemical  combination  with  others  which  surround  them,  or  are 
in  contact  with  them  before  the  fusion  takes  place. 

The  fusion,  however,  may  in  some  cases  of  both  of  these  classes 
of  bodies  be  eflfected  by  confining  them  in  some  envelope  which 
will  resist  the  separation  of  their  constituents  if  they  be  com- 
pound, or  exclude  them  from  contact  with  bodies  with  which 
they  might  combine  if  they  be  simple. 

If  marble  be  exposed  under  ordinary  circumstances  to  an  in- 
tense heat  it  will  be  resolved  into  its  constituents,  lime  and  car- 
bonic acid  ;  but  if  it  be  confined  in  a  strong  gun-barrel,  for  ex- 
ample, it  may  be  fused. 

Almost  all  organic  solids,  except  the  resins  and  the  fats,  are 
infusible  before  they  are  decomposed  ;  we  cannot  melt  a  piece  of 
wood,  a  leaf,  a  flower,  or  a  fruit ;  but  after  having  evaporated 
their  liquid  constituents,  and  dried  them,  the  influence  of  heat 
causes  their  constituents  to  enter  into  new  combinations,  pro- 
ducing new  substances  which  are  generally  volatile,  and  which 
have  nothing  in  common  with  the  original  substances. 

When  water  holding  any  substance  in  solution  has  its  tempe- 
rature sufficiently  lowered,  its  congelation  takes  place  in  one  or 
other  of  three  ways  ;  first,  the  water  may  congeal  indepen- 
dently of  the  body  which  holds  it  in  solution  ;  secondly,  the 
body  which  it  holds  in  solution  may  congeal,  leaving  the  water 
still  liquid  ;  thirdly,  the  water  and  the  body  it  holds  in  solution 
may  congeal  together. 

The  congelation  of  the  water  independent  of  the  sub- 
stance it  holds  in  solution  is  presented  in  the  case  of  the  very 
weak  solutions.  In  this  case,  the  point  of  congelation  is  always 
below  the  freezing  point.  Thus,  if  water  holds  in  solution  a 
small  quantity  of  alcohol,  acid,  alkali,  or  salt,  it  will  be  neces- 
sary to  reduce  the  whole  to  below  the  freezing  point  of  water  to 
produce  its  congelation  ;  but  when  ice  has  been  formed,  this  ice 
will  consist  of  pure  water,  without  the  mixture  of  any  portion 
of  the  substances  which  the  water  held  in  solution.  Thus,  sea- 
water  freezes  at  about  three  degrees  below  the  freezing  point 
of  pure  water ;  and  if  the  ice  produced  in  it  be  withdrawn  and 
melted,  it  will  produce  pure  water.  In  the  same  manner,  if 
weak  wine  be  frozen,  the  ice  formed  upon  it  will  be  the  ice  of 
pure  water,  and  the  wine  which  still  remains  liquid  will  be  pro- 
portionally stronger.  This  method  is  sometimes  practised  to 
give  increased  strength  to  wine. 

Water  is  generally  capable  of  holding  in  solution  only  a  cer- 
tain quantity  of  any  solid  substance,  and  when  all  the  substance 
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has  been  dissolved  in  it  which  it  is  capable  of  taking,  the  solu- 
tion is  called  a  saturated  solution.  Now,  it  is  found  that  the 
quantity  of  solid  matter  of  any  kind  which  water  is  capable  of 
holding  in  solution,  in  general  increases  with  the  temperature. 
Tlius,  water  at  100°  will  hold  more  of  a  given  salt  in  solution 
than  would  water  at  50^.  Let  us  suppose,  then,  that  a  saturated 
solution  of  any  salt  is  made  at  90^.  If  this  solution  be  allowed  to 
cool,  a  part  of  the  salt  which  it  retains  must  return  to  the  solid 
state,  since  at  lower  temperatures  it  cannot  hold  in  solution  the 
same  quantity  ;  and  in  proportion  as  the  temperature  of  the  so- 
lution falls,  the  quantity  of  solid  matter  which  will  be  formed  in 
it  will  increase.  In  this  case,  the  cooling  produces  a  change  in 
the  composition  of  the  solution.  If  the  cooling  be  accomplished 
suddenly,  the  salt  is  precipitated  tumultuously  and  in  a  confused 
mass,  without  form  or  cohesion' ;  but  if  the  solution  is  allowed 
to  cool  slowly  and  without  agitation,  the  molecules  of  the  salt 
collect  into  regular  crystals. 

Even  after  the  temperature  of  the  solution  has  ceased  to  fall, 
the  decomposition  and  crystallisation  will  continue,  if  the  vessel 
containing  the  solution  be  in  a  position  favourable  to  superficial 
evaporation.  The  water  which  evaporates  from  the  surface  tak- 
ing with  it  none  of  the  salt,  all  that  portion  of  salt  with  which  it 
was  combined  will  receive  the  solid  form,  and  will  collect  into 
crystals ;  and  this  process  may  be  continued  until,  by  super- 
ficial evaporation,  all  the  water  shall  have  disappeared,  and 
nothing  be  left  in  the  vessel  except  a  collection  of  crystals  of 
the  salt. 

The  solution  of  anhydrous  sulphate  of  soda  presents  some 
remarkable  exceptional  phenomena.  At  the  temperature  of 
1 7° '9  it  has  a  maximum  of  saturation  ;  that  is  to  say,  above  tliis 
point,  as  well  as  below  it,  the  proportion  of  salt  which  it  contains 
diminishes.  However,  at  the  boiling  point,  it  contains  much 
more  salt  than  at  the  common  temperature.  If  the  solution  be 
boiled  in  a  large  tube,  and  when  it  is  well  purged  of  air  the  tube 
be  closed  at  the  top,  so  as  to  exclude  the  atmosphere,  the  cooling 
will  take  place  without  any  solidification  ;  but  when  the  top  of 
the  tube  is  broken  so  as  to  admit  the  air,  the  salt  is  suddenly 
congealed  in  a  mass,  with  so  great  a  disengagement  of  heat  that 
the  tube  becomes  warm  to  the  touch.  Again,  if  a  solution 
saturated  at  17° '9  be  simply  heated  to  boiling,  without  allowing 
any  loss  of  liquid  by  evaporation,  it  will  deposit  in  crystals 
more  than  one  fifth  of  the  salt  which  it  previously  held  in 
solution. 

In  some  cases  the  water  and  the  salt  which  it  holds  in  solu- 
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tion  are  solidified  together.  This  happens  when  the  salts 
contain  water  of  crystallisation.  The  phenomena  are  produced 
in  the  same  manner  as  in  the  case  just  described,  with  this  dif- 
ference, that  the  molecules  of  salt,  in  collecting,  carry  with  them 
the  molecules  of  the  water  of  crystallisation,  which  pass  also  to 
the  solid  state,  taking  the  place  which  belongs  to  them 
in  the  crystals.  Nevertheless,  the  solidification  of  the 
water  disengaging  in  general  much  more  latent  heat  than 
the  solidification  of  the  salt,  the  crystals  undergo  a  less 
rapid  increase,  whether  formed  by  mere  cooling,  or  by 
evaporation  of  a  part  of  the  dissolving  mass. 

134.  Datcb  tears. — When  bodies  liquefied  by  heat 
are  suddenly  cooled,  some  remarkable  and  exceptional 
phenomena  are  often  produced.  Thus,  if  large  drops  of 
glass  in  a  state  of  fusion  be  let  fall  into  a  vessel  of  cold 
water,  the  solidification  of  their  superficial  parts  is 

immediate  ;  that  of  their  interior  is  much  more  slow. 
Fir.  44. 

There  results  from  this  a  sort  of  forced  and  unnatural 
arrangement  of  the  molecules  of  the  drop,  which  explains  the 
singular  phenomenon  produced  by  Dutch  Tears,  so  called  from 
the  form  they  assume,  as  represented  in  fig.  44.  If  the  extre- 
mity of  the  tail  of  one  of  these  be  broken,  in  an  instant  the  entire 
mass  cracks,  and  is  reduced  to  powder.  This  arises  from  the 
fact  that,  the  glass  not  being  cooled  slowly  and  gradually,  the 
molecules  in  solidifying  have  not  had  time  to  assume  their  na- 
tural position,  and,  being  in  a  forced  position,  on  the  least  dis- 
turbance separate. 

135.  Annealing:  and  tempering*.  —  To  prevent  such  con- 
straint in  the  molecules,  articles  manufactured  of  glass,  for 
example,  are  siibmitted  to  the  process  called  annealing,  after  their 
fabrication  ;  a  process  in  which,  being  again  raised  to  a  certain 
temperature,  after  being  shaped,  they  are  allowed  to  cool  very 
slowly.     Pottery  in  general  is  submitted  to  the  same  process. 

The  tempering  of  steel  is  analogous  to  this.  Steel  heated 
almost  to  the  point  of  fusion,  and  then  plunged  in  water,  be- 
comes as  brittle  as  glass.  In  this  state  it  is  said  to  have  the 
highest  temper.  This  extreme  hardness  and  brittleness  may  be 
removed  by  the  process  of  tempering,  which  consists  in  heating 
the  steel  moderately,  and  then  allowing  it  to  cool.  The 
tempering  of  steel  is  an  operation  of  great  practical  importance, 
as  from  the  variety  of  purposes  to  which  it  is  applied,  it  is  re- 
quired of  very  different  degrees  of  hardness,  and  upon  the  due 
adjustment  of  this  quality  much  of  its  utility  depends.  The 
degree  to  which  the  temperature  is  raised  in  the  process  of 
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heating  regulates  this  point ;  the  higher  the  heat  the  softer  is 
the  steel.  If  it  is  tempered  only  at  a  cherry  red,  it  is  less 
hard  and  less  brittle.  This  is  what  is  called  the  ordinary  tem- 
per. In  short,  it  may  be  tempered  in  an  infinite  variety  of  degrees 
over  a  fire  of  small  charcoal,  according  to  the  temper  which  it  is 
desired  to  impart  to  it.  The  oxydation  which  it  suflers  at  the 
surface  indicates,  by  the  colour  which  it  gives  to  it,  the  degree  of 
tempering  which  it  has  received.  Thus,  it  sometimes  acquires  a 
blue  colour,  and  sometimes  a  straw  colour  ;  the  latter  colour  in- 
dicating a  harder  and  less  elastic  quality. 

1 36.  Retardation  of  Solldlfioatloii. — Liquids  may  be  cooled, 
under  particular  circumstances,  below  the  melting  point  of  the 
corresponding  solid  body  without  sohdifying.  This  phenomenon, 
to  which  the  name  retardatioa  of  solidification  has  been  given, 
occurs  especially  when  the  liquid  is  cooled  very  slowly,  and  is 
at  the  same  time  protected  from  all  mechanical  disturbance. 
Water,  for  example,  when  kept  at  perfect  rest,  and  under  a 
pressure  somewhat  greater  than  that  of  the  atmosphere,  may  be 
cooled  to  —  1 5°  without  freezing.  But  when  water  is  at  that 
temperature,  the  slightest  agitation  or  contact  with  a  solid  body 
is  mostly  sufl&cient  to  cause  solidification  of  a  portion  of  the 
mass.  The  smaller  the  quantity  of  liquid  operated  upon  the 
lower  is  the  temperature  to  which  it  can  be  cooled,  and  the 
greater  the  mechanical  disturbance  which  it  will  support  with- 
out freezing.  Mists  occur  frequently,  which  are  formed  by 
particles  of  liquid  water  suspended  in  an  atmosphere  of  which 
the  temperature  was  10,  12,  or  even  15  degrees  below  zero. 
Again,  in  capillary  tubes  the  freezing  of  water  is  considerably 
retarded.  Sorhy  and  Despretz  found  that  in  glass  tubes  of  one- 
tenth  of  a  millimetre  in  diameter,  water  could  be  maintained  in 
the  liquid  state  as  low  as  from  —  1 7°  to  —  20°.  It  is  probably 
due  to  this  cause  that  the  sap  is  not  oftener  frozen  in  the 
capillary  vessels  of  plants. 

Dufour  observed  remarkable  phenomena  of  this  kind  in  the 
case  of  liquids  cooled  without  contact  with  any  sohd  body.  He 
suspended  globules  of  the  liquid  under  examination  in  some 
other  liquid  of  the  same  specific  gravity,  but  of  lower  freezing 
point,  and  in  which  it  was  insoluble.  Thus  water  was  examined 
while  suspended  in  a  mixture  of  chloroform  and  sweet  oil  of 
almonds  ;  sulphur  and  phosphorus  in  an  aqueous  solution  of 
chloride  of  zinc  and  naphthalene  in  water.  In  the  experiments 
with  water,  the  spheres  of  this  liquid  which  floated  in  the 
mixture  of  chloroform  and  oil  were  very  rarely  seen  to  freeze 

at  0° ;  in  general,  solidification  occurred  between  —  4^  and  -  1 2°, 

l2 
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the  smaller  globules,  as  a  rule,  remaining  liquid  to  a  lower 
temperature  than  the  larger  ones,  some  of  them  having  been 
repeatedly  seen  still  liquid  at  —  i8°  or  —20°  Agitation  and  the 
contact  of  solid  bodies  appear  to  have  much  less  effect  in 
causing  the  solidification  of  liquids  cooled  in  this  way  than 
when  they  are  cooled  to  the  same  extent  in  glass  vessels. 
Dufour  found  that  the  globules  of  water  in  his  experiments 
often  did  not  solidify  when  displaced  or  violently  deformed  by  a 
glass  rod,  and  even  that  crystals  of  chloride  of  sodium,  sulphate 
or  nitrate  of  potassium,  sugar,  etc.,  would  sometimes  fall 
through  a  globule  of  water  5  millimetres  in  diameter,  and 
cooled  to  at  least  —  8°,  without  producing  any  effect.  Contact 
with  a  fragment  of  ice,  however,  invariably  caused  immediate 
congelation. 

Dufour  obtained  globules  of  sulphur  (melting  point  115®)  of 
6  millimetres  diameter  still  liquid  at  40°,  and  globules  of  0*5 
millimetre  diameter  remained  liquid  for  several  days  at  5°  or  10°. 
Globules  of  phosphorus  (melting  point  45°)  of  considerable  size 
were  cooled  to  20°,  and  globules  of  i  or  2  millimetres  diameter  to 
0°  without  solidifying.  Globules  of  naphthalene  (melting  point 
79°)  were  obtained  still  liquid  at  40°. 

When  a  liquid  solidifies  after  having  been  thus  cooled  below 
its  normal  freezing  point,  the  solidification  takes  place  very 
rapidly,  and  is  accompanied  by  a  disengagement  of  heat,  often 
sufficient  to  raise  its  temperature  fi'om  the  point  at  which 
solidification  begins  up  to  its  ordinary  freezing  point.  This  is 
well  seen  with  crystallised  hyposulphite  of  sodium,  which  melts 
in  its  water  of  crystallisation  at  45°,  but  when  carefully  cooled 
will  remain  liquid  for  a  long  time  at  the  temperature  of  the 
atmosphere.  If  it  be  then  caused  to  solidify,  by  agitation,  or 
by  throwing  in  a  small  fragment  of  the  solid  salt,  the  resulting 
rise  of  temperature  is  such  as  to  be  distinctly  felt  by  the  hand. 

This  phenomenon  of  continued  liquidity  is  seldom  observed 
in  so  marked  a  degree  as  in  the  above  instances,  but,  on  the 
other  hand,  it  occurs  so  frequently  to  a  less  extent,  that,  when 
the  temperature  of  transition  from  the  solid  to  the  liquid  state 
or  vice  versd  is  to  be  used  as  a  mark  of  the  chemical  identity  of 
the  substance,  it  is  much  safer  to  determine  the  melting  point 
than  the  freezing  point,  for  the  former  temperature  is  not  sub- 
ject to  variations  of  the  same  kind. 

137.  Cbangre  of  Volume  accompanylniT  Fusion  and 
Solidification. — The  change  of  volume,  which  accompanies  the 
change  of  the  solid  state  into  the  liquid,  and  vice  versd,  has 
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already  been  described  with  reference  to  several  substances. 
Most  solids  have  an  accelerated  rate  of  expansion  as  they  ap- 
proach their  melting  points,  and  this  is  in  most  cases  followed 
by  a  further  expansion  during  the  actual  process  of  liquefaction, 
so  that  the  melted  substance  occupies  a  greater  bulk  than  the 
solid  of  the  same  temperature  from  which  it  is  formed.     This 
phenomenon  has  been  particidarly  studied  by  Kopp,  who  ob- 
tained  results  of  great  interest.     Yellow  phospJuyrus  (specific 
gravity   at  10°=  1*826)   expands  uniformly  up  to  its   melting 
point  (about  44°),  at  which  temperature  its  volume  is  1*017, 
that  at  0°  being  unity  ;  but  when  melted  its  volume  at  the 
same  temperature  is  i  *o52  of  the  volume  at  0°.     It  follows  that 
100  volumes   solid  phosphorus  at  44°  become   103*4  volumes 
liquid  phosphorus  at  the  same  temperatiu-e.     Sulphur  (native 
crystals,  specific  gravity   2*069)   expands  irregularly  near   its 
melting  point  (115°).     Its  volume  being  i  at  0°  is  1*0 10  at  50°  ; 
I  '037  at  100°  ;  I  *096  at  115°;  at  the  moment  of  fusion  the  ex- 
pansion amounts  to  5  per  cent. ,  the  volume  then  increasing  to 
I '150.     Wax  (bleached  bee's- wax,  specific  gravity  0*976  at  10°) 
expands  very  rapidly  as  it  approaches  its  melting  point  (64°),  but 
only  o*4  per  cent,  more  at  the  moment  of  fusion.    If  the  volume 
at  0°  is  I ,  the  volume  at  50°  is  i  *o68 ;  at  60°  is  i  *  1 28,  at  64  is  i  •161 , 
and  increases  by  fusion  to  1*166.     Stearic  Acid  (pure,  specific 
gravity  nearly  1  *o  at  10°)  expands  less  than  wax  before  melting, 
but  then  expands  as  much  as  1 1  0  per  cent.      The  volume  at  0° 
being  i,  it  is  1038  at  50°,  1*055  a*  60°,  and  1*079  at  70°,  at 
which   temperature  the  acid  melts,  its  volume   increasing  to 
1*198.     Bose^s  fusible  metal  (2  parts  bismuth,  i  part  tin,  and  i 
part  lead;  specific  gravity  8  906  at  10°)  expands  when  heated 
from  0°  to  59°  in  the  ratio  of  i  to  i  0027  ;  but  contracts  when 
further  heated,  its  voliune  at  82°  being  equal  to  that  at  0°,  and 
at  95°  equal  to  09947  ;  in  melting,  between  95°  and  98°,  it 
expands  by  i  *55  per  cent.,  so  that  at  98°  its  volume  is  equal  to 
I'oioi.      This  alloy,  therefore,   contracts  from  59°  up  to  its 
melting  point.     Water  presents  a  remarkable  exception  to  the 
general  rule,  and  expands  at  the  moment  of  solidification  ;  that 
is,  ice  contracts  on  melting  by  about  10  per  cent.     One  volume 
of  ice  at  0°  gives  0*908  volume  of  water  at  the  same  tempera- 
ture, or  I  volume  of  water  at  0°  gives   1*102  volume  of  ice. 
Dufour  found,  as  the  mean  of  twenty-four  experiments,  the 
density  of  ice  at  0°  equal  to  0*9175,  that  of  water  at  the  same 
temperature  being  i.      Brimner  found  for  the  density  of  ice 
the  number  0*918,  and   Buiisen,  who   determined  it  in  con- 
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nection  with  his  ice-calorimeter,  found  it  to  be  in  the  mean 
0*91674. 

The  expansion  of  water  at  the  moment  of  its  solidification  is 
intimately  connected  with  the  fact,  stated  in  the  next  para- 
graph that  increase,  of  pressure  retards  the  freezing  of  water 
instead  of  facilitating  it,  as  it  does  that  of  most  other  liquids  ; 
and  it  enables  us  to  understand  the  phenomenon.  It  has  been 
shown  in  Article  70  that  heat  applied  to  a  bulk  of  water  at  0° 
diminishes  this  bulk  up  to  a  temperature  of  4°.  It  is  clear  that 
pressure  applied  to  a  bulk  of  ^ater  at  0°  will  also  tend  to 
diminish  the  bulk,  and  will  thus  oppose  the  change  of  volume 
which  occurs  on  freezing.  Since,  therefore,  both  heat  and 
pressure  act  in  the  same  sense,  it  is  easily  conceivable  that, 
within  certain  limits  at  least,  one  agent  may  replace  the  other, 
and  that  a  strong  pressure  applied  to  water  at  or  below  o^  may 
as  effectually  prevent  its  solidification  as  the  communication  of 
heat,  which  would  raise  its  temperature  above  the  freezing 
point.  In  the  case  of  substances  whose  volume  in  the  solid 
state  is  less  than  their  volume  in  the  liquid  state  pressure  acts 
in  the  opposite  sense  to  heat,  and  therefore  retards  liquefaction 
and  promotes  solidification. 

138.  Influence  of  Pressure  upon  tbe  Ten&perature  of 
Fusion. — Tbe  melting  points  of  solids  or  freezing  points  of 
liquids  are  not  perceptibly  affected  by  the  ordinary  variations 
of  atmospheric  pressure  ;  but  greater  differences  of  pressure 
produce  very  sensible  effects.  Sir  W.  Thomson  was  the  first  to 
observe  that  pressures  of  8*i  and  16 '8  atmospheres  caused  a 
lowering  of  the  melting,  point  of  ice  to  the  extent  of  o°'059  and 
o®'i29  respectively.  By  a  still  greater  pressure  Mousson  suc- 
ceeded in  maintaining  water  in  the  liquid  state  at  5  degrees 
below  zero,  and  by  a  pressiu'e  estimated  at  13,000  atmospheres 
he  caused  ice  to  melt  at  —  18°.  The  following  results  are  due 
to  Hopkins f  who  experimented  on  spermaceti,  wax,  sulphur, 
and  stearin. 
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Bunsen  experimented  on  spermaceti  and  paraffin  with  the 
following  results : 


Spermaceti 

Paniffin 

Pressure 

• 

Freezing  point 

1 

1       Pressure           Freezing  point 

Atmospheres 

0 

Atmospheres    ' 

4^-3 

I 
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I 

29 

48-3 

85 

48-9 

96 

497 

ICX5           ; 

49-9 

141 

50-5 

1 

156 

509 

1 

It  will  thus  be  seen  that  in  the  case  of  substances  like  those 
experimented  on  by  Hopkins  and  Bunsen,  the  si)ecific  gravity 
of  which  is  greater  in  the  solid  than  in  the  liquid  state,  the 
point  of  fusion  is  raised  by  increase  of  pressure. 

These  phenomena  will  be  further  considered  in  the  chapter 
on  the  dynamical  theory  of  heat. 

139.  Regrelation. — This  name  is  given  to  the  phenomenon 
that  pieces  of  moist  ice  placed  in  contact  with  one  another  will 
freeze  together  even  in  a  warm  atmosphere.  The  most  obvious 
explanation  of  the  fact  rests  on  the  principles  just  explained. 
At  the  boundaries  of  the  film  of  water  which  connects  the 
pieces  placed  in  contact  capillary  action,takes  place,  which  pro- 
duces an  efiect  equivalent  to  attraction,  just  as  two  plates  of 
clean  glass  with  a  film  of  water  between  them  tend  to  adhere. 
Ice  being  wetted  by  water,  the  boundary  of  the  connecting  film 
is  concave  (see  Hydrostatics  in  this  series.  Article  yy,  page 
105),  and  this  concavity  implies  a  diminution  of  pressure  in  the 
interior.  The  film,  therefore,  exerts  upon  the  ice  a  pressure 
less  than  the  atmosphere,  while  the  remote  sides  of  the  blocks 
are  exposed  to  atmospheric  pressure.  As  a  consequence  a 
definite  pressure  is  exerted  upon  the  small  surface  of  contact, 
and  there  the  melting  point  is  lowered.  Melting  of  ice  there- 
fore occurs  at  the  places  of  contact,  accompanied  by  absorption 
of  heat,  hence  the  adjacent  portion  of  the  water  film  freezes, 
its  freezing  point  being  a  little  above  the  ordinary  freezing 
point,  because  the  film  is  at  a  less  than  atmospheric  pressure. 
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CHAPTER  VIII. 

VAPORISATION  AND   CONDENSATION. 

140.  Svaporation  in  tree  air. — If  a  liquid  be  exposed  in 
an  open  vessel,  it  will  be  gradually  converted  into  vapour,  which, 
mixing  with  the  atmosphere,  will  be  dissipated,  and  after  a  cer- 
tain time  the  liquid  will  disappear.  This  phenomenon,  called 
evaporation,  was  formerly  explained  by  the  supposition  that 
the  air  had  a  certain  aflSnity  for  the  liquid  in  virtue  of  which  the 
air  dissolved  it,  just  as  water  dissolves  sugar  or  salt. 

A  conclusive  proof  against  the  truth  of  this  hypothesis  is 
presented  by  the  fact  that  the  vaporisation  of  a  liquid  takes 
place  in  a  vacuum,  and  that  the  presence  of  air  not  only  does  not 
cause  more  of  the  liquid  to  be  evaporated  than  would  have  been 
evaporated  in  its  absence,  but  actually  retards  and  obstructs  the 
evaporation. 

To  be  enabled  to  examine  and  observe  with  clearness  and 
precision  the  mechanical  properties  of  the  vapour  of  any  liquid,  it 
is  necessary  to  provide  means  by  which  such  vapour  can  be  sepa- 
rated from  air  and  all  other  gases  and  vapours,  since,  being  mixed 
with  these,  its  properties  would  be  modified,  so  that  it  would  be 
difficult  to  determine  what  effects  are  due  to  the  vapour,  and 
what  to  the  gases  with  which  it  is  combined. 

This  object  may  be  attained  by  the  following  apparatus,  the 
principle  of  which  we  shall  now  explain. 

Let  A  B  {fig,  45)  be  a  glass  bulb  and  tube,  the  bore  of  the 
tube  being  very  small  compared  with  the  capacity  of  the  bulb. 
Let  the  tube  be  widened  into  a  sort  of  bell-shaped  mouth  at  the 
end  B,  and  let  a  graduated  scale  be  engraved  upon  it,  the  zero 
being  near  the  bulb. 

Let  the  tube,  held  with  the  open  end  b  upwards,  be  filled 
with  pure  mercury  well  freed  of  air,  as  described  in  the  volume 
on  Hydrostatics,  in  this  series,  page  135.  Placing  the  finger 
on  B  to  prevent  the  escape  of  the  mercury  or  the  entrance  of 
air,  let  the  tube  be  inverted,  and  the  end  b  immersed  in  a 
trough  of  mercury,  as  represented  in  fig.  46.  If  it  be  immersed 
to  such  a  depth  that  the  height  of  the  top  of  the  bulb  a  above 
the  level  l  l'  of  the  mercury  in  the  trough  is  less  than  the 
height  of  the  barometric  column,  the  mercury  will  not  fall  from 
the  bulb,  being  sustained  there  by  the  atmospheric  pressure. 
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But  if  the  bulb  be  raised  to  a  greater  height  a'  above  l  l',  the 
column  of  mercury  will  not  rise  with  it,  but  will  stand  at  the 
height  of  the  barometric  column. 
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Fig.  46. 

Let  the  bulb  be  raised  to  such  a  height  a'  that  the  zero  of  the 
scale  engraved  on  the  tube  shall  be  at  a  height  above  L  l'  equal 
to  the  barometric  column.  In  that  case 
the  level  of  the  column  of  mercury  in  the 
tube  will  coincide  with  the  zero  of  the 
scale,  and  the  space  in  the  bulb  and  tube 
above  this  level  will  be  a  vacuum.  Let  this 
space  be  s  a',  and  let  s  m  represent  the 
column  of  mercury  which  corresponds  in 
height  with  the  barometer. 

Let  c  D  {Jig.  47)  be  a  small  iron  cylin- 
der containing  mercury,  above  which  is  a 
piston  by  which  it  can  be  pressed  down- 
wards.    This  piston  is  urged  by  a  screw,  so  as  to  be  capable  of 
being  moved  with  accuracy  through  any  proposed  space,  how- 


Fig.  47. 
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ever  small.  Attached  to  the  bottom  of  the  cylinder  c  D  is  a 
very  fine  tube  d  p,  bent  into  a  rectangular  form  so  as  to  present 
its  mouth  upwards.  This  capillary  tube  is  filled  with  the  liquid 
the  vapour  of  which  it  is  desired  to  submit  to  observation.  By 
means  of  the  screw  acting  on  the  piston,  any  proposed  quantity 
of  this  liquid  can  be  expelled  from  the  mouth  p  of  the  tube. 

This  instrument  being  immersed  in  the  trough  l  l'  (jig.  46), 
and  the  mouth  of  the  tube  p  being  directed  into  the  bell-shaped 
end  of  the  tube  b,  a  certain  small  quantity  of  the  liquid  is  ex- 
pelled by  means  of  tlie  screw,  and  issues  from  p.  Being  less 
heavy  than  mercury  it  rises  through  the  latter,  and  arrives  at 
the  top  s  of  the  column.  There  it  distantly  disappears,  and  at 
the  same  time  the  mercury  falls  to  a  lower  level. 

141.  Vapour  of  a  liquid  an  elastic  fluid  like  air. — The 
cause  of  this  will  be  easily  understood.  The  minute  drop  of 
liquid  which  rises  to  the  surface  is  converted  into  vapour  on 
arriving  there,  and  is  diffused  in  that  state  throughout  a  certain 
portion  of  the  entire  capacity  of  the  tube  and  bulb.  It  is  in 
general  transparent  and  invisible  like  air  ;  and,  therefore,  not- 
withstanding its  pressure,  the  bulb  and  tube  appear  to  be  empty, 
as  they  would  if  they  were  filled  with  air. 

142.  Bow  its  pressure  is  indicated  and  measured. — But 
this  vapour  being,  like  air,  an  elastic  fluid,  exercises  a  certain 
pressure  upon  the  mercurial  column  s  m,  which  pressiu'e  is  mani- 
fested and  measured  by  the  fall  of  that  column.  The  summit, 
which  before  stood  at  the  zero  of  the  scale,  now  stands  at  a  lower 
point,  and  the  number  of  the  scale  indicating  its  position,  ex- 
presses the  pressure  of  the  vapour  in  inches  of  mercury.  Thus, 
if  the  summit  s  of  the  column  stand  at  half  an  inch  below  zero, 
the  pressure  of  the  vapour  in  the  bulb  is  such  as  would  support 
a  column  of  mercury  half  an  inch  in  height. 

Now  let  us  suppose  another  small  drop  of  the  liquid  to  be 
injected  by  the  apparatus  Jig.  47.  Like  effects  will  ensue,  and 
the  summit  s  of  the  column  will  fall  still  lower,  showing  that  the 
pressure  of  the  vapour  is  augmented. 

143.  Saturated  space. — By  repeating  this  process,  it  will  be 
found,  that  when  a  certain  quantity  of  the  liquid  has  been  injected, 
no  more  vapour  will  be  produced,  and  the  liquid  will  flokt  on 
the  summit  s  of  the  mercurial  column  without  being  vaporised. 
The  summit  of  the  column  will  not  be  further  depressed. 

It  appears,  therefore,  that  the  space  in  the  bulb  and  tube  is 
then  saturated  with  vapour.  It  has  received  all  that  it  is  capable 
of  containing.  That  this  is  the  case  will  be  rendered  manifest 
by  elevating  the  tube.     The  summit  s  of  the  column  still  main- 
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taining  its  height  above  l  l',  a  greater  space  will  be  obtained 
above  8,  and  it  will  be  accordingly  found  that  a  portion  of  the 
liquid  which  previously  floated  on  8  is  vaporised  ;  and  if  the 
tube  be  still  more  elevated,  the  whole  will  disappear. 

Since  during  this  process  the  height  s  m  of  the  mercurial 
column  in  the  tube  remains  unaltered,  it  follows  that  the  pres- 
sure of  the  vapour  remains  the  same. 

By  comparing  the  volume  of  the  liquid  ejected  from  p,  fig. 
47,  with  the  volume  of  the  tube  and  bulb  filled  by  the  vapour 
into  which  it  is  converted,  the  density  of  the  vapour,  or,  what  is 
the  same,  the  volume  of  vapour  into  which  one  unit  of  volume 
of  the  liquid  is  converted  may  be  ascertained. 

There  are,  however,  other  circumstances  connected  with  this 
process,  which  are  not  rendered  apparent,  and  which  it  is  im- 
portant to  observe  and  comprehend.  , 

When  the  liquid  rises  to  the  surface  of  the  mercurial  column 
and  becomes  vapour,  it  absorbs  a  certain  quantity  of  heat  which 
becomes  latent  in  it.  This  heat  must  be  supplied  by  the 
tube,  the  bulb,  and  the  mercury  ;  and  as  the  temperature  of 
these  does  not  permanently  fall,  this  heat  is  replaced,  and  their 
temperature  restored  by  the  surrounding  air.  The  quantity  of 
heat  absorbed  in  the  evaporation  of  the  liquid  will  be  presently 
shown.  Meanwhile  it  must  be  observed  that  the  supply  of  the 
latent  heat  is  essential  to  the  evaporation  of  the  liquid.  If  the 
mercury  on  which  the  liquid  floats,  and  the  glass  by  which  it  is 
inclosed,  were  absolute  non-conductors,  and  could  impart  no 
heat  whatever  to  the  liquid,  then  the  evaporation  could  not  take 
place. 

It  appears  from  what  has  been  explained,  that  when  the 
space  above  the  mercury  has  been  charged  with  a  certain  quan- 
tity of  liquid  in  the  state  of  vapour,  or,  what  is  the  same,  when 
the  vapour  it  contains  has  attained  a  certain  density,  all  further 
evaporation  ceases  ;  and  any  liquid  which  may  be  injected  will 
remain  in  the  liquid  state,  floating  on  the  mercury.  So  long  as 
the  temperature  of  the  surrounding  medium,  and  consequently 
that  of  the  bulb  and  its  contents,  remains  unaltered,  and  so 
long  as  any  liquid  remains  floating  on  the  mercury,  the  pressure 
and  the  density  of  the  vapour  in  the  bulb  will  be  unaltered.  If 
the  bulb  be  raised,  so  as  to  give  more  space  for  the  vapour,  a 
proportionally  increased  quantity  of  the  liquid  will  be  vaporised ; 
and  if  by  depressing  the  tube  the  volume  of  the  vapour  be  dimi- 
nished, a  corresponding  part  of  it  will  return  to  the  liquid  state. 
In  the  one  case,  heat  will  be  absorbed  by  the  liquid  evaporated ; 
and  in  the  other,  heat  will  be  given  out  by  the  vapour  con- 
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densed.  This  heat  is  borrowed  from  the  surrounding  atmosphere 
in  the  former  case,  and  imparted  to  it  in  the  latter  ;  since,  other- 
wise, the  bulb  and  its  contents  must  undergo  a  change  of  tem- 
perature, contrary  to  what  was  supposed. 

144.  Quantity  of  Tap  our  in  saturated  space  depends 
on  temperature. — But  let  us  now  consider  what  will  be  the 
effect  of  raising  or  lowering  the  temperature  of  the  bulb  and  its 
contents.  The  bulb  being  charged  with  vapour,  and  a  stratum 
of  unevaporated  liquid  floating  on  the  mercury,  let  the  tempe- 
rature of  the  medium  surrounding  the  bulb  be  raised  through 
any  proposed  number  of  degrees  of  the  thermometric  scale.  This 
will  be  immediately  followed  by  the  evaporation  of  a  part  of 
the  liquid  floating  on  the  mercury,  and  a  depression  of  the  co- 
lumn. An  increased  volume  of  vapour  is  therefore  now  contained 
in  the  bulb  and  tube  ;  but  if  this  increase  of  volume  be  com- 
pared with  the  increased  quantity  of  liquid  evaporated,  it  will 
be  found  to  be  less  in  proportion  ;  and  it  consequently  follows 
that  the  density  of  the  vapour  is  augmented  ;  and  since  the 
column  of  mercury  has  been  more  depressed,  and  since  this  de- 
pression measures  the  pressure  of  the  vapour,  it  follows  that 
this  pressure  has  been  also  augmented. 

145.  Relation  between  pressure,  temperature,  and 
density. — Thus  it  appears  that  the  pressure  and  density  of  the 
vapour  produced  from  the  liquid  floating  on  the  mercury  are 
augmented  as  the  temperature  of  the  liquid  is  augmented,  and 
consequently  diminished  as  that  temperature  is  diminished. 

In  short,  a  certain  relation  subsists  between  the  temperature, 
pressure,  and  density,  such  that  when  any  one  of  these  are 
known,  the  other  two  can  always  be  found.  If  this  general  rela- 
tion were  known,  and  could  be  expressed  by  an  arithmetical 
formula,  the  pressure  and  density  of  the  vapoiu*  corresponding 
to  any  proposed  temperature,  or  the  temperature  corresponding 
to  any  proposed  density  and  pressure,  could  always  be  ascer- 
tained by  calculation.  But  the  theory  of  heat  has  not  supplied 
the  means  of  determining  this  relation  by  any  general  prin- 
ciples ;  and,  consequently,  the  pressures  and  densities  of  the 
vapour  of  liqiiids  at  various  temperatures  have  been  determined 
only  by  experiment  and  observation. 

146.  Vapours  of  different  ]biqulds. — Different  liquids  afc 
the  same  temperature  produce  vapours  having  different  pres- 
sures and  densities.  A  form  of  apparatus  adapted  to  illustrate 
this  experimentally  is  shown  in^.  48. 

A  series  of  glass  tubes  being  filled  with  mercury  and  inverted 
in  a  cistern  of  that  liquid,  by  the  process  already  described  in 
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the  ea«a  of  a  barometer  tube,  are  mounted  aide  by  side,  having 
a  divided  scale  placed  in  juitaposition  with  them.     The  mer- 
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One  of  the  tubes  being  reserved  as  a  barometric  standard,  a 
droj)  of  each  of  the  liquids  to  be  examined  is  let  into  the  others, 
when  it  will  be  observed  that  the  moment  the  bubble  of  the 
liquid  rises  to  the  summit  of  the  mercurial  column,  that  co- 
lumn will  instantly  fall,  and  it  will  fall  to  different  points  in 
the  several  tubes,  showing  that  at  the  same  temperature  the 
vapours  of  different  liquids  produced  in  a  vacuum  will  have 
different  pressures. 

It  is  necessary  to  observe,  however,  that  in  the  performance 
of  this  experiment  a  suflScient  quantity  of  liquid  must  be  in- 
troduced into  each  of  the  tubes  to  leave  more  or  less  of  it 
unevaporated  at  the  summit  of  the  mercury,  since  otherwise 
the  vacuum  above  the  mercury  would  not  be  saturated  with 
vapour. 

147.  Sxperiments  on  tbe  relation  between  pressure, 
temperature,  and  tension  of  vapour  of  water. — Of  all 
liquids,  that  of  which  the  vaporisation  is  of  the  greatest  practical 
importance,  and  consequently  that  which  has  been  the  subject 
of  the  most  extensive  system  of  observations,  is  water. 

If  water  be  introduced  above  the  mercurial  column  in  the 
apparatus  above  described,  and  be  exposed  successively  to 
various  temperatures,  the  pressures  and  densities  of  the  vapour 
it  produces  can  be  observed  and  ascertained. 

It  is  thus  found  that,  in  all  cases,  water  passing  into  the 
vaporous  state  undergoes  an  enormous  enlargement  of  volume, 
and  that  this  enlargement  increases  as  the  temperature  at  which 
the  evaporation  takes  place  is  diminished.  Thus,  if  the  tem- 
parature  be  that  of  the  boiling  point,  viz.  100°,  a  cubic  inch  of 
water  swells  into  1696  cubic  inches  of  vapour  at  the  same  tem- 
perature, the  pressure  upon  the  vapour  being  that  of  the 
atmosphere. 

148.  "Water  evaporates  at  all  temperatures. — There  is  no 
temperature,  however  low,  at  which  water  will  not  evaporate. 
If  the  bulb  and  tube  be  exposed  to  the  temperature  of  0°,  the 
mercurial  column  in  the  tube  will  be  lower  than  the  barometric 
column  by  two-tenths  of  an  inch — a  small  but  still  observable 
quantity ;  and  even  if  the  temperature  be  reduced  still  lower, 
so  that  the  liquid  floating  on  the  mercury  shall  become  solid  ice, 
there  will  still  be  a  vapour  in  the  bulb  of  appreciable  pressure 
and  density.  Thus,  a  piece  of  ice  at  the  temperature  of  -  2° 
produces  a  vapour  whose  pressure  is  represented  by  a  column 
of  mercuiy  of  a  twentieth  of  an  inch. 

149.  The  apparatus  of  Oay  ]bussao. — This  apparatus  for 
determining  the  pressure  of  the  vapour  of  water  below  the  freez- 
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ii^  point  consisted  of  twit  barometric  tubes,  filled  w 
and  inverted  in  the  usual  maniKr  in  a  cistern  of  that  Huid,  as 
shown  in^.  49.  One  of  tliese,  a,  waa  nsed  as  a  barometer,  and 
the  other,  being  curved  at  c,  had  its  extremity  immi-rsed  in  a 
Teasel  containing  a  freedng  mixture,  in  which  was  also  iihitiged 
a  thermometer,  (,  to  show  its  temperature.     A  dro]j  uf  water 


being  then  let  in  at  the  lower  end  of  the  bent  tube  in  the  usual 
way,  the  mercury  in  that  tube  will  fall  below  its  level  in  the 
tube  A,  by  a  quantity  which  will  vary  with  the  temperature  of 
the  freezing  nuxture  in  b. 
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This  depreMion  of  the  mercurial  column  in  the  tube  c  ig 
produced  by  the  presBure  of  the  vapour  eyolved  from  the  water 


which  floats  on  the  mercury  i 
evidently  not  exposed  to  the  a 
its  vapour  which  is  enveloped  ii 


1  that  tube.  But  this  water  ii 
me  temperature  as  that  part  of 
1  the  freezing  miiture,  and  it 
might  therefore  be  sup- 
posed that  the  preBBure 
indicated  by  the  difference 
of  the  columns  in  the  two 
tubes  might  be  aa  well 
talien  to  be  that  corre- 
sponding to  the  water  in 
the  tube  c,  aa  that  which 
would  correspond  to  the 
temperature  of  the  freez- 
ing mixture.  But  it  will 
presently  appear  that  when 
the  vapour  of  a  liquid  com- 
municates freely  between 
two  vessels,  the  tempera- 
ture of  one  of  which  is 
lower  than  that  of  the 
other,  the  pressure  of  the 
vapour  will  correspond  to 
the  lower  temperature. 

I  $o.  StUton'B  appara- 
tus.— The  apparatus  (Jig. 
50)  with  which  Dalton  as- 
certained the  pressure  of 
the  vapour  of  water  be- 
tween o"  and  100°,  con- 
sisted of  two  barometric 
tubes  A  and  B,  filled  and 
inverted  as  usual,  and 
plunged  in  a  cistern  f  of 
mercmy.  A  cylindrical 
glass  vessel,  open  at  both 
_  ends,  and  of  sufficient  ca- 

pacity to  include  the  two 
tubes,  Burrounds  them,  and  is  also  immersed  in  the  mercury. 
This  vessel  is  tilled  with  water  to  a  level  above  the  tops  of  the 
tubes,  and  a  thermometer  n  o,  let  into  it,  is  supported  above 
it ;  a  charcoal  furnace  is  placed  under  the  mercurial  cistern  r, 
and  a  divided  scale  b,  is  placed  beside  the  apparatus  to  indi- 
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oate  the  heights  of  the  column.  Water  is  then  let  into  one  of 
the  tubes  b,  the  other  a  being  reserved  as  a  barometer,  and  the 
temperature  of  the  mercury  in  p,  and  therefore  of  the  water 
which  rests  upon  it,  being  gradually  elevated,  the  mercury  in  b 
will  fall  lower  and  lower,  according  as  the  temperature  rises, 
and  the  difference  between  the  columns  in  a  and  b,  correspond- 
ing to  each  temperature,  will  give  the  measure  of  the  pressure 
of  the  vapour.  At  the  temperature  of  about  ioo°  the  mercury 
in  the  vapour-barometer  falls  to  the  level  of  the  cistern,  and  the 
method  is  therefore  inapplicable  for  higher  temperatures 

Dalton's  method  has  two  essential  defects.  In  the  first 
place,  it  is  impossible  to  ensure  that  the  temperature  shall  be 
everywhere  the  same  in  a  column  so  long  as  that  which  is 
formed  by  the  vapour  when  the  temperature  becomes  70°  and 
more.  In  the  second  place,  there  is  the  disadvantage  of  having 
to  observe  the  difference  of  level  through  the  sides  of  a  cylin- 
drical vessel,  which  must  introduce  a  certain  amount  of  un- 
certainty. 

Regnatdt,  who  used  Dalton's  apparatus  up  to  temperatures 
of  50°  0. ,  improved  the  apparatus  so  as  to  free  it  as  far  as  pos- 
sible from  the  stated  objections.  At  such  low  temperatures  the 
tension  of  the  vapour  is  never  more  than  4  inches,  and  it  be- 
comes unnecessary  to  heat  the  barometers  throughout  their 
entire  length.  The  two  barometers  traverse  two  holes  in  the 
bottom  of  a  metal  box.  In  one  of  the  sides  of  the  box  is  a 
large  opening  closed  with  plate  glass,  through  which  the  neces- 
sary observations  can  be  made  with  great  accuracy.  The  liquid 
column  being  short,  it  becomes  very  easy,  by  bringing  a  spirit- 
lamp  within  different  distances  of  the  box,  to  maintain  for  a 
sufficient  time  any  temperature  between  0°  and  50°  C. 

151.  JLrapo  and  Bulongr's  apparatus. — ^The  pressure  of 
steam  proceeding  from  water  at  temperatures  above  the  boiling 
point  was  ascertained  experimentally  by  Messrs.  Arago  and 
Dulong,  and  also  by  M.  Kegnault.  The  apparatus  used  by  the 
former  consisted  of  two  gun  barrels,  closed  at  their  lower  ends, 
and  inserted  steam-tight  in  a  boiler  ;  each  of  these  barrels  was 
filled  with  mercury,  and  contained  a  thermometer  which  showed 
the  temperature,  the  one  of  the  water,  and  the  other  of  the 
steam  in  the  boiler.  To  measure  the  pressure  of  the  steam,  a 
syphon  gauge,  similar  in  principle  to  the  tube  for  demonstrating 
Mariotte's  law  (see  Hydrostatics,  page  156),  was  used.  In 
this  way,  the  pressure  of  steam  from  one  to  twenty-four  atmo- 
spheres, with  its  corresponding  temperature,  was  ascertained. 

152.  Reffnault's  apparatus. — This  is  attended  with  the  ad- 

M 


i62    GENERAL  EFFECTS  OF  HEAT  UPON  BODIES. 

vantage  of  indicating  all  presaures  and  temperatures,  whether 
above  or  below  the  boiling  point.  His  process  consists  in  boil- 
ing water  in  a  vessel  under  a  knovtn  pressure,  and  ascertaining 
the  temx>erature  at  which  it  boils.  The  method  depends  upon 
the  principle  that  when  the  water  boils,  the  steam  it  produces 
will  have  a  pressure  precisely  equal  to  that  to  which  the  water 
itself  is  submitted— a  principle  which  is  familiar  and  well  esta- 
blished. Thus,  for  example,  the  steam  produced  from  water 
boiled  under  the  ordinary  pressure  of  the  atmosphere  of  15  lbs. 
per  square  inch,  has,  as  is  weU  known,  that  pressure. 

The  apparatus  consists  of  a  copper  boiler  c  (Ju/.  51),  closed  so 
as  to  be  steam-tight,  filled  to  about  a  third  of  its  capacity  with 
water,  and  placed  upon  a  charcoal  furnace.     The  tubes  of  four 


thermometers,  whose  bulbs  descend  to  different  depths  in  it,  pass 
steam-tight  through  collars  in  the  top.  Two  of  these  bulbs  are 
immersed  in  the  upper,  and  two  others  in  the  lower  strata  of 
the  liquid.    The  boiler  c  is  connected  bj  a  tube  a  b,  with  a  large 
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glass  globe  m,  having  a  capacity  of  about  five  gallons,  which  is 
filled  with  air.  The  tube  a  b  is  surrounded  by  a  larger  tube  d, 
which  is  kept  filled  with  cold  water,  flowing  from  a  cistern  e,  and 
discharged  into  another  a^  From  the  upper  pai-t  of  the  globe 
M,  two  tubes  proceed,  one  of  which  communicates  with  an  air 
gauge  o,  and  the  other  h,  is  terminated  in  a  connecting  piece  h', 
which  may  be  attached  at  pleasure  either  to  tlie  plate  of  an  air 
pump,  or  to  that  of  a  condenser,  so  that  the  air  in  m  can  be  made 
to  have  any  degree  of  pressure,  either  above  or  below  that  of 
the  atmosphere.  The  globe  m  is  immersed  in  a  reservoir  of 
water  at  the  temperature  of  the  surrounding  air. 

If  it  be  desired  to  measure  the  pressure  of  the  vapour  of 
water  corresponding  to  temperatures  below  the  boiling  point, 
the  connector  h'  is  attached  to  the  plate  of  an  air  pump,  and 
the  air  in  M  is  gradually  rarefied,  so  as  to  assume  a  series  of 
decreasing  pressures  below  that  of  the  atmosphere.  The  ther- 
mometers in  c  show  the  temperatures  corresponding  to  these 
pressures  severally,  and  the  gauge  o  shows  the  corresponding 
pressures. 

If  it  be  desired  to  ascertain  the  pressures  corresponding  to 
temperatures  above  the  boiling  point,  the  connector  h''  is  at- 
tached to  a  condenser  or  a  force  pump,  by  means  of  which  the  air 
in  M  and  in  the  boiler  c  is  submitted  to  a  series  of  increasing 
pressures  above  that  of  the  atmosphere.  The  corresponding 
temperatures,  as  before,  at  which  the  water  boils  in  c,  are  indi- 
cated by  the  thermometers. 

153.  Mecbanlcal  force  developed  in  evaporation. — When 
a  liquid  is  converted  into  vapour,  it  exerts  a  certain  mechanical 
force,  the  amount  of  which  depends  on  the  pressure  of  the  va- 
pour, and  the  increased  volume  which  the  liquid  undergoes  in 
evaporation.  Thus,  if  a  cubic  inch  of  a  liquid  swells  by  evapor 
ration  into  2,000  cubic  inches  of  vapour,  having  a  pressure  of 
10  lbs.  per  square  inch,  it  is  easy  to  show  that  a  mechanical 
force  is  developed  in  such  evaporation  which  is  equivalent  to 
20,000  lbs.  raised  through  one  inch.  For,  if  we  imagine  a  cubic 
inch  of  the  liquid  confined  in  a  tube,  the  bore  of  which  measures 
a  square  inch,  it  will,  when  evaporated,  fill  2,000  inches  of  such 
tube,  and,  in  swelling  into  that  volume,  will  exert  a  pressure  of 
10 lbs.,  so  that  it  would  in  fact  raise  a  weight  of  10 lbs.  through 
that  height.  Now,  10  lbs.  raised  through  the  height  of  2,000 
inches,  is  equivalent  to  20,000  lbs.  raised  through  the  height  of 
one  inch. 

Since,  however,  it  is  customary  to  express  the  mechanical 

effect  by  the  number  of  pounds  raised  through  one  foot,  the 

m2 
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mechanical  effect  produced  in  the  evaporation  of  each  cubic  inch 
of  a  liquid  will  be  found  by  multiplying  the  number  which  ex- 
presses the  volume  of  vapour  produced  by  the  unit  of  volume 
of  the  liquid  by  the  number  expressing  the  pressure  of  the 
vapour  in  pounds  per  square  inch,  and  dividing  the  product 
by  12. 

In  the  following  tables  the  relation  between  the  temperature, 
pressure,  density,  volume,  and  mechanical  effect  of  the  vapour 
of  water  are  given  ^  determined  by  observation  so  far  as  the 
pressure  of  twenty-four  atmospheres,  and  by  analogy  from  that 
to  the  pressure  of  fifty  atmospheres  : — 
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Tabu  li 

Showing  the  Pre»m,Te,  FoIunM,  and  Dtn»ity  of 

Water  pro&iKed  at  lh«  TonpeTatnreis  {in  dec/itei 

Mok)  ticpremieJ,  in  the  first  CoUi/am,  as  taU  M 

Effect  lievel-uptd  in  the  Proem  of  EvaponUum. 
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B09 

IJS 

.9.38 

9-38 

'365 

JOOJ 

**■« 

I-Hj 

0-83 

Ma97 

.B-8M 

"474 

98;6 

'■773 

0-87 

J3704 

»-6Bo 

.387 

4^1 

'■873 

0-91 

|9s;a 

3.488 

43405 

30.3 

:s! 

o;97 

«,»9 

\p. 

.114 

44956 

«.8 

W343 

916 

=3 ''79 

..-36 

.14a 

46556 

10s  ;b 

,-,96 

J-31S 

■■^ 

s 

■  J6 

JJJfi 

«r 

14;o6. 

II 'Bo 

°«5 

:s 

»4B 

It?'J 

rs 

■■? 

[6805 

1 

a? 

ilS 

'a-'? 

I! 

PS 

K56 

.-70J 

1S93B 

IJfe 

!ra8-. 

JS 

w6i 

114-8 

.;8ja 

TSiSs 

SBs 

[768 

'751 

S 

•066 

ii6'E 

1147» 

a.o 

14-6, 

1696 

..S-4 

3™ 

.3*09 

IJst 
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Showing   the    Temveratiire   {in   dei/rees    of   FahreiJieU's    scale), 
V^olume,  and  JJensity  of  Vapimr  of  Water,  corresponding  to 


Pressures  of  from  I  to  50  Atmos^ierei 


!8  (Atained  by  Observation. 
„  „  Analogy. 


IVolumcDf 

VoluiMOf 

i 

^m,      pliXi!^ 

X'o^."' 

!■ 

X^ 

Iteniil,  nf 

1 

'^£^,f 

1 

^•s^- 

SlUnU^ 

l^:!dr> 

, 

=ia      .696 

0-0005895 

'3 

3e£-66 

■63-74 

6.07 

233-96  iit^-a 

B563 

386-96 

153-10 

6527 

aso-sa  ■   89709 

0-0011147 

15 

392-90 

i44;oo 

6944 

=^yH      731-39 

13673 

16 

398-48 

7359 

3 

875-18 

619-19 

16150 

403 '88 

128-71 

7769 

3i 

385-08 

537-96 

18589 

408-92 

s'nt 

2537' 

476-=6 

20997 

'9 

41378 

116-51 

8583 

3»-38 

23410 

4.8-46 

1.1-28 

8986 

5 

307-58 

^■le 

25763 

422-96 

106-53 

93S7 

Si 

314-24 

355-99 

28091 

427-28 

102-19 

6 

320-36 

3^8-93 

3D4<« 

S3 

98-2. 

o-oioJbI 

6} 

326-30 

305-98 

32683 

435-56 

94-56 

10575 

7 

33170 

349" 

25 

439-34 

91-17 

10968 

7i 

33692 

368-82 

77-50 

12903 

8 

341-78 

=53  59 

3943+ 

35 

472-64 

.4663 

9 

350-78 

2=7-98 

486-50 

.6644 

35888 

207-36 

45 

499-10 

54-06 

18497 

"■ 

366-80 

190-27 
175-96 

52557 
56834 

SO 

S.0-62 

1 54.  Repiaalt'a  Ttiblea  for  Bteam  and  other  Vaponr*. — 

On  account  of  their  importance  we  give  in  thia  article  Regnault's 
results  of  his  experimenta  on  the  maximum  pressure  of  steam 
and  other  vapours.  The  temperature  is  in  these  tables  ex- 
pressed in  degrees  of  the  Centigrade  Scale,  while  the  pressure  is 
given  in  millimetres.  Thus,  for  example,  at  the  temperature  of 
—  33°C. ,  the  pressure  of  saturated  ateam  on  the  unit  surface 
is  equal  to  the  weight  of  a  column  of  mercury,  having  the  nnit 
surface  for  its  base,  and  being  0-320  millimetres  long  ;  at  the 
temperature  of  100°  C.  the  preasure  of  saturated  steam  balances 
a  volume  760  millimetres  long,  and  bo  on. 


VAPOSISATIOK.  167 

Table  I. 

Maximum  Tension  ofU^aier-rapcnr  bet  men  -32°  and  +230°. 


Il 

,™ 

I 

-'It 

p™^    III 

^.. 

MUUnielrt. 

MM,    ; 

-32 

0320 

-31 

0-352-30 

0-386 '-I9 

0-424 

28 

0-464 

27 

0-508 

26 

0-555      25 

0605 

24 

0-660 

23 

0-719 

0-783      21 

0-853 

ao 

o>927 

19 

1-008 

18 

1-095 

1-189 

16 

1-290 

15 

i-4oo 

14 

1-518 

1-646 

1783 

1-933 

2-093 

2267 

g 

2-45» 

7 

2-658 

6 

2-876 

3-I13 

4 

3-368 

3 

3-644 

3-941 

4-263 

4-600 

4-940 

5-302 

+   3 

5-687 

4 

6'097 

5 

6-534 

6 

6-998 

7 

7-492 

a 

S-017 

9 

8-574 

9-165 

1' 

9-792 

iD-457 

'3 

11-162 

14 

11-908 

,c 

12-699 

16 

'3-536 

17 

14-421 

18 

15-35? 

19 

16-346 

20 

17-391 

18-495 

19-659 

23 

20-888 

24 

32-184 

25 

23-550 

26 

24-988 

27 

25-505 

28 

38-101 

29 

297S2 

30 

31-5481    31 

33-406 

32 

35-359 

33 

37-4" 

34 

39-565:     35 

41-827 

36 

44-30I 

37 

46-691 

38 

49-302 

39 

52-039 ; 

40 

54-906 

4' 

57-910 

42 

61-055 

43 

64-346  1 

44 

67790 

45 

71-391 

46 

75-158 

47 

79093 

48 

83-204 

49 

87-499 

SO 

91-982 

51 

96-661  i 

5? 

101  543 

S3 

106-636 

53 

111-945 

55 

117-478! 

S6 

123-244 

57 

129-251 

58 

135-505 

59 

142-015. 

60 

148-791 

61 

155-839 

62 

163-170 

63 

170-791  ■ 

64 

17S-714 

65 

186-945 

66 

195-496 

67 

204-376 ; 

68 

213-596 

6g 

223-165 

70 

233-093 

71 

243-393 

72 

254-073 

73 

265-147 

74 

276-624 

75 

288-517 

76 

300838 

77 

313-660 

326-811 

79 

340-4881 

80 

354643 

81 

369-287 

384-435 

83 

400-101 1 

84 

416-298 

S5 

433'o4i 

86 

450-344 

87 

468-221 ; 

88 

486687 

89 

505-759 

90 

525-450 

9' 

545-778  i 

93 

566757 

93 

588406 

94 

610-740 

95 

633778 1 

i£ 

657-535 

97 

682029 

98 

707280 

99 

733-305 

7boo<x> 

787-590 

816-010 

103 

845-280; 

104 

875-410 

105 

906410 

106 

938-310 

107 

971-140 

108 

ICx)4-9' 

109 

.039-65 

1075-37 

111209 

112 

1149-83 

113 

1188-61 

114 

1228-47 

115 

1269-41 

116 

1311 '47 

117 

1354-66 

118 

1399-02 

119 

1444-55 

120 

1491-28 

121 

1539-25 

122 

1588-47 

123 

1638-96 
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Table  I  {continued). 


S.e 

S.2 

1 

&s 

S2 

Pressure 

a  3 

Pressure 

5  *a 

Pressure 

a  0 
0  ■*> 

Pressure 

S2 

o 

Is 

0 

^2 

0 

^8 

0 

• 

Millimetres 

Millimetres 

Millimetres 

Minimetres 

124 

1690-76 

125 

1743*88 

1 2d 

1798-35 

127 

1854-20 

128 

191 1-47 

129 

1970-15 

130 

2030*28 

131 

2091*94 

132 

2155-03 

133 

2219-69 

134 

2285*92 

135 

235373 

136 

2423-16 

^37 

2494*23 

138 

2567*00 

139 

2641*44 

140 

2717-63 

141 

2795-57 

142 

2875*30 

143 

2956*86 

144 

3040-26 

145 

3125*55 

146 

3212*74 

147 

3301*87 

148 

3392*98 

149 

348609 

150 

3581*23 

151 

3678-43 

152 

3777*74 

153 

3879*18 

154 

3982-77 

155 

4088*56 

156 

4196-59 

157 

4306-88 

158 

4419*45 

159 

4534*36 

160 

465 1  62 

161 

4771-28 

162 

4893-36 

163 

5017*91 

164 

5144*97 

165 

5274*54 

166 

5406-69 

167 

5541*43 

168 

5678-82 

169 

5818-90 

170 

5961-66 

171 

6107*19 

172 

6255-48 

^73 

640660 

174 

6560-55 

175 

6717*43 

176 

6877-22 

177 

703997 

178 

7205-72 

179 

7374*52 

180 

7546-39 

181 

7721-37 

182 

7899-52 

183 

8080*84 

184 

8265-40 

185 

8453*23 

186 

8644*35 

187 

8838-82 

188 

9036-68 

189 

9237*95 

190 

944270 

191 

965093 

192 

9862-71 

193 

10078*04 

194 

I 0297 01 

195 

10519-63 

196 

10745-95 

197 

1 097 5  00 

198 

11209-82 

199 

11447*46 

200 

11688-96 

201 

11934*37 

202 

12183-69 

203 

12437-00 

204 

12694-30 

205 

12955*66 

206 

13221*12 

207 

1349075 

208 

13764*53 

209 

14042*52 

210 

14324*80 

211 

14611*32 

212 

14902*22 

213 

15197-48 

214 

15497*17 

215 

15801-33 

216 

16109-94 

217 

16423*15 

218 

16740*90 

219 

17063-29 

220 

17390-36 

221 

17722*13 

222 

18058*64 

223 

18399*94 

224 

18746-07 

225 

1909704 

226 

19452*92 

227 

19813-76 

228 

20179-61 

229 

20550-48 

230 

20926*40 

Table  II. 
Tension  of  Vapours  in  Millimetres. 


Tempe- 
rature 

Ether 

Alcohol 

Chloro- 
form 

Tetra- 
chloride of 
Carbon 

Sulphide 
of  Carbon 

Benzene 

Turpen- 
tine 

°0. 
-20 

+  10 

68-90 
114-72 

184*39 
28683 

3*34 

6*47 
12-70 

24*23 

9-80 
18-47 
23*95 

55*97 

47*30 

79'44 
127-91 

198-46 

5*79 
12*92 

25-31 
45*25 

2-07 
2*94 
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Fablb  I 

(continued). 

II 

Btber 

Aleoh.1 

7Jr 

™  <Sl!Sio"" 

B.i.«ne 

'^"i£r" 

20 

43278 

44-46 

i6o-47 

90-99  298-03    75-65 

Jt? 

10 

634-80 

7852 

247-51 

142-27  434-621  120-24 

214-81   617-53   183-62 

io-8o 

so 

.264'«T 

219-90 

535-05 

314-38  857-071  271-37 

i7z5-o[ 

3SO-21 

755-44 

447-43  1164-J1I  390-10 

70 

2304-90 

S4i'5 

1042-11 

621-15   ■552'09;   547-42 

40-64 

302279 

812-91 

1407-64 

843-29  2032-53     751-86 

61-30 

qo 

3898-26 

1189-30 

I86S-22 

1122-26  2619-08  1012-75 

90-61 

495330 

1697-55 

2428-34 

1467-09  3325-15,1340-05 

131-11 

no 

6214-63 

2367-64 

3110-99 

1887-44  4164-06   1744-12 

185-62 

120 

4885-10 

2996-88  6291-60  2824-35 

140 

5674-59 

6000-16 

3709-04  7603-96  3520-73 

464-02 

728062 

8734-20 

5513-14      —      .5271-43 

775-09 

170 

— 

— 

6634-37      —      16340-73 

975-42 

7923-55      —           — 

1207-92 

igo 

9399-02      —           — 

1473-24 

aoo 

~ 

~ 

~ 

_           „           _ 

1771-47 

Tablb  III. 

Teniion  of  Vapouri  of  Liquefied  Gasei,  and  of  ATwcMry. 


Liqusaed  Qswi 

x^ 

Bnlph 

r- 

Sniphjdric 

Tinilon 

Tenmoii  In 

hyilrt 

' 

A«a 

j    =.e.™ 

240-0 

441-4 

1-53+ 

528-6 

10  '  0-O268 

4-266 

287 

5        876-6 

2808-6 

20  1  0-0372 

180 

iroo 

5      1397-7 

4373-0 

30  ]  0-0530 

200 

19-90 

762 

5      31+9-5 

5945-0 

40 

0-0767 

2SO 

75-75 

1(65 

242-1 

I?!"; 

5      4612-2 

10896-3 

0-1643 

150 

663-2 

2462 

1415I-5 

yo 

0-2410 

400 

1587-9 

30 

1411 

i      8832-2 

18035-3 

bo 

0-3523 

4'io 

3384-3 

40 

4670 

2    11776-4 

22582-5 

90 

0-SH2 

(OO 

6520-2 

so 

"" 

27814-8 

100    0-7455 

520 

8264-9 
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The  following  table,  by  Messrs.  Fai/rbai/m  and  Tate,  may  be 
considered  as  a  continuation  of  Table  I.,  art.  153.  It  gives  for 
a  portion  of  that  table  more  recent  results,  and  extends  these 
beyond  the  ordinary  pressure  of  the  atmosphere.  Its  object  is 
to  state  the  temperatures  at  which  water  is  completely  con- 
verted into  saturated  steam  under  various  pressures,  together 
with  the  volume  of  steam  formed  under  these  circumstances 
compared  with  that  of  the  water  from  which  it  is  produced. 


Pressure,  Temperature,  atid  Volume  of  Saturated  Steam, 


Pressiiro 

i 

Temperature 

Volume 

Engl.  Inches 

Millimetres 

Fahrenheit 

Centigrade 

5*35 

135*9 

136-77 

58-20 

8275*3 

8-62 

219-9 

155*33 

68-51 

5333*5 

9*45 

2400 

15936 

70-76 

4920-2 

12-47 

316-7 

1 70-92 

77-18 

3722-6 

I2-6l 

320-2 

171-48 

77*49 

3715*1 

13-62 

345*9 

174-92 

79*40 

3438*1 

i6-oi 

4066 

182-30 

83*49 

3051*0 

18-36 

466-3 

188-30 

8683 

2623-4 

22-88 

581-2 

198-78 

92-66 

2149-5 

53-61 

1 
1361*7 

242-90 

II7-16 

943*1 

5552 

1410-1 

244-82 

118-23 

908-0 

55*89 

1419-6 

245-22 

118-45 

892-5 

66-84 

1697-7 

255-50 

124-16 

759*4 

76-20 

1935*4 

263-14 

128-41 

649-2 

81-53 

2070-8 

267-21 

1 3067 

635*3 

84-20 

2138-9 

26920 

131*77 

605-7 

90-08 

2287-9 

273*30 

134-05 

584-4 

92-23 

2342-6 

274-76 

134*86 

573*2 

99-60 

2529-8 

279-42 

137*45 

515-0 

104*54 

2655-2 

282-58 

139-21 

497*2 

112-78 

2864-6 

287-25 

141-80 

458-3 

114-25 

2901-9 

288-25 

142-36 

449*6 

122-25 

3105-1 

292-53 

144*74 

433*1 

1 

155.  Specific  grravlties  of  vapours. — These,  like  those  of 
gases,  are  usually  referred  to  air  as  a  standard,  the  air  being  sup- 
posed to  have  the  standard  temperature  of  0°,  the  barometer 
standing  at  30  inches.     The  density  of  vapours,  however,  is  a 
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term  freqaently  used  to  expresi  the  ratio  of  a  given  volume  of 
th^  vapour  to  an  equal  volume  of  air,  having  the  name  tempe- 
rature and  pressure. 

It  has  be«n  Asuertaini-il  experimentjilly  that  in  the  case  of 
steftm,  at  all  temperatures  nbijve  ■zo''  this  ratio  is  invariable, 
the  steam  being  supposed  tol>e  satiirHted. 

156.  Gar-Lusaao'B  npparstna. — The  apparatus  bj  which 
the  densitj  of  vapour,  in  this  sense  of  the  term,  was  ascertained 


by  Gay-LuBsac,  is  represented   in  fig.   52.     A  graduated  glas 
tube  B  of  large  diametei    is  Med  with  mercury,   and,  being  i: 
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verted  in  the  usual  maimer,  is  plunged  in  a  cistem  of  mercury. 
The  mercury  will  be  sustained  in  the  tube  b  by  the  atmospheric 
pressure.  A  small  and  thin  bulb  of  glass  a  is  filled  through  an 
opening  in  a  small  tube  projecting  from  it,  with  the  liquid  whose 
vapour  is  to  be  examined,  and  hermetically  sealed.  This  ball  is 
let  into  the  mouth  of  the  tube  b,  and  being  lighter  than  mercury 
it  ascends  to  the  top  through  the  mercury.  The  tube  b  is  then 
surrounded  by  a  glass  cylinder  c,  open  at  both  ends,  the  lower 
end  being  immersed  in  the  mercury ;  this  cylinder  is  then  filled 
with  water  or  oil  to  a  level  above  the  top  of  the  tube  b,  and  a 
thermometer  d  is  immersed  in  it. 

The  furnace  upon  which  the  cistern  is  placed  being  then 
lighted,  the  mercury  in  the  tube  b  is  heated.  The  bulb  a  will 
soon  burst  by  reason  of  the  expansion  of  the  liquid  it  contains, 
and  the  liquid  once  liberated  will  begin  to  produce  vapour, 
the  pressure  of  which  will  cause  the  mercury  in  the  tube  b  to 
descend.  The  thermometer  d  will  then  indicate  the  tempera- 
ture of  the  vapour  in  b,  and  the  difference  between  the  height 
of  the  mercury  in  b  and  that  of  the  barometer  will  indicate  its 
pressure. 

The  weight  of  the  vapour  being  known  by  knowing  that  of 
the  liquid  which  was  contained  in  the  bulb  a,  its  density,  at  each 
temperature  which  it  attains,  can  be  determined  and  can  be 
compared  with  that  of  air  at  the  same  temperature. 

It  was  found  that  the  ratio  of  these  densities  is  constant  for 
the  vapour  of  most  liquids  at  all  temperatures  which  are  above 
their  boiling  points. 

The  following  are  those  ratios  for  the  undermentioned  va- 
poinre,  the  density  of  air  being  denoted  by  the  number  loooo  : — 


Air loooo 

Vapour  of  water      ,        .       6325 

„         alcohol    .         .  161 38 

sulphuric  ether  25860 
sulphide         of 

carbon  .         .  26447 


>» 
>> 


Vapour  of  essence  of  tur- 
pentine        .  50130 
mercury  .         .  6976 
iodine      .        .  8716 


A  most  valuable  modification  of  Gay-Lussac's  method  has 
lately  been  devised  by  Professor  Hofmann,  who  employs  a 
graduated  glass  tube  closed  at  one  end,  about  1000  millimetres 
in  length,  and  15 — 20  millimetres  in  width,  which  is  filled  with 
mercury,  and  the  open  end  inserted  in  a  vessel  containing 
mercury.  It  is  surrounded  by  a  cylindrical  glass  jacket, 
through  which,  according  to  the  temperature  at  which  the 
determination  is  to  be  made,  a  current  of  the  vapour  of  boiling 
alcohol,  water,  aniline,  or  some  other  substance  of  constant 
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boiling  point,  is  urged,  whereby  the  substance  previously  intro- 
duced into  the  tube  in  a  minute  stoppered  glass  bottle  is  con- 
verted into  vapour.  The  volume  which  the  vapour  occupies, 
the  temperature  to  which  it  is  heated,  the  height  of  the 
mercury  column  in  the  tube,  and  the  atmospheric  pressure  are 
noted  ;  the  weight  of  a  quantity  of  air,  which  at  the  same 
temperature  ,and  under  the  same  pressure  would  occupy  the 
same  volume  as  the  vapour  of  the  amount  of  substance  taken  is 
then  calculated,  and  by  dividing  this  weight  of  air  into  the 
weight  of  substance  taken,  the  vapour  density  of  the  substance 
in  question,  as  compared  with  the  air,  is  ascertained. 

The  boiling  points  of  all  substances,  as  has  been  shown  pre- 
viously, are  considerably  lowered  by  a  reduction  of  pressure, 
and  moreover,  the  tendency  to  decompose  which  many  sub- 
stances exhibit  at  temperatures  close  to  their  boiling  points 
under  ordinary  pressures,  is  obviously  greatly  lessened  by 
diminishing  the  pressure.  Now,  it  is  evident  that  when  a  tube 
like  that  above  described  is  inverted  there  will  be  a  considerable 
empty  space  at  the  top  of  the  mercury ;  into  this  the  substance 
volatilises,  and  is  converted  into  vapour  under  reduced  pres- 
sure, and  therefore  at  a  temperature  much  lower  than  its 
boiling  point  under  ordinary  conditions.  For  example,  the 
vapour  density  of  aniline,  which  boils  at  182°  under  a  pressure 
of  760  millimetres  of  mercury,  may  be  in  this  way  determined 
by  heating  the  tube  by  the  vapour  of  boiling  water  (100°)  ; 
hence  the  great  value  of  this  modification,  and  its  superiority 
over  Gay-Lussac*s  original  method. 

1 57.  Bnmas*  Metbod. — By  the  method  of  Gay-Lussac  the 
volume  which  a  given  weight  of  the  substance  occupies  in  the 
gaseous  state  is  ascertained.  Dumas  has  designed  a  method  by 
which  we  determine  the  weight  of  a  given  volume  of  the  gas  as 
vapour.  The  method  may  best  be  explained  by  an  example. 
Suppose,  then,^  that  we  wish  to  obtain  the  specific  gravity  of 
alcohol  vapour.  We  take  a  light  glass  globe  having  a  capacity 
of  from  400  to  500  cubic  centimetres,  and  draw  the  neck  out  in 
the  flame  of  a  lamp,  so  as  to  leave  only  a  fine  opening.  The 
first  step  is  now  to  ascertain  the  weight  of  the  glass  globe  when 
completely  exhausted  of  air.  As  this  cannot  readily  be  done 
directly,  we  weigh  the  globe  full  of  air,  and  then  subtract  the 
weight  of  the  air,  ascertained  by  calculation  from  the  capacity 
of  the  globe  and  from  the  temperature  and  pressure  of  the  air. 
One  cubic  centimetre  of  dry  air  at  0°  and  a  barometric  pressure 
of  760  millimetres  weighs  0*001292  gi*ammes ;  it  follows  from 
the  principles  previously  explained  in  connection  with  the  rate 
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of  oxpaiii»i(;ii  of  gascH,  and  from  Mariotte's  law,  fJiat  the  weight 
of  oiiu  cubic  centimetre  of  dry  air  at  an  atmospheric  preasnre  of 
II  inillimetreit  and  at  temperature  t  degrees  will  weigh — 

r  TT 

0'CX>I292    X    - 


I  +  0*003665^         760 

granimoH,  an<l  thlH  multiplied  by  the  capacity  of  the  globe  in 
cubic  centimetrcB,  which  we  may  call  Y,  will  give  us  the  required 
weight  of  the  air  in  the  globe.  Gall  this  weight  w,  and  the 
weight  of  the  globe  artd  air  W,  then  W  — tr  is  the  weight  of  the 
globe  exliaUHted  of  air. 

The  Hccond  utep  is  to  ascertain  the  weight  of  the  globe  filled 
with  alcohol  vapour  at  a  known  temperature  and  under  a  known 
prcHHure.  For  this  purpose  we  introduce  into  the  globe  a  few 
graninies  of  pure  alcohol,  mount  the  globe  upon  a  suitable  sup- 
port, an<l  Hink  it  beneath  some  oil  contained  in  an  iron  vesseL 
After  reverning  it  in  this  position,  we  slowly  raise  the  tempera- 
ture of  tlio  oil  to  between  300°  or  4cx>°,  which  we  observe  by 
meanH  of  a  thermometer.  The  alcohol  is  converted  into  vapour 
ati<l  clriveH  out  the  air  with  which  the  excess  of  vapour  escapes 
at  tlie  tine  opening.  When  the  bath  has  acquired  the  requisite 
totnperature  we  close  the  fine  opening  by  suddenly  melting  the 
end  of  the  tube  with  a  mouth  blowpipe,  and  as  nearly  as  possible 
at  the  Hanio  moment  observe  the  temperature  of  the  bath  and 
the  height  of  the  barometer.  We  have  now  the  globe  filled 
with  alcohol  vapour  at  a  known  temperature  and  under  a  known 
l)reHHure.  Since  it  is  hermetically  sealed,  its  weight  cannot 
change,  and  we  can  tlierefore  allow  it  to  cool,  clean  it,  and  weigh 
it  at  our  leisure.  This  will  give  us  the  weight  of  the  globe  filled 
with  alcohol  vapour  at  a  known  temperature,  f,  and  under  a 
known  i)resHure,  H'.  Call  this  weight  W'.  The  weight  of  the 
vai)our  is  W'-(W  — w).  The  third  step  is  to  ascertain  the 
weight  of  the  same  volume  of  air  at  the  same  temperature  and 
under  the  same  pressure.  This  can  easily  be  found,  from  the 
principles  already  explained,  by  calculation.  The  last  step  is  to 
find  the  capacity  of  the  globe,  which,  although  we  have  supposed 
it  known  (V),  is  not  actually  ascertained  experimentally  until 
the  end  of  the  process.  For  this  purpose  we  break  off  the  tip 
of  the  tube  under  mercury,  which,  if  the  experiment  has  been 
carefully  conducted,  rushes  in  and  fills  the  globe  completely. 
We  then  empty  this  mercury  into  a  carefully  graduated  glass 
cylinder  and  read  off  the  volume.  We  find  then  the  specific 
gravity  by  dividing  the  weight  of  the  vapour  by  the  weight  of 
the  air.     The  formulae  for  the  calculations  are  these — 


,,      ,,   ,,    air  =  w  =  o'cx5i292  X  V  X  -  .     x 
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Weight  of  the  globe  and  air W 

I  H 

X  - 

I  +  •cx>366<    760 

>>       >>   )>    globe  exhausted  of  air W  —  w 

,,       „    ,,       ,,      filled  with  vapour  at  the  temperature  f 

and  under  a  pressure  H' .     .     .    W 
„       , ,   , ,    vapour    ........     W  —  W+lo 

,,       ,,   ,,    air  at  <'  and  under  a  pressure  H'  = 

I  H' 

O -CX) 1 2Q2  V  (l  +  -000030  X   -  ,,   ,x     ,— 

^  '     I  +  *oo366«'    760 

lYlz^JiF 

Specific  gravity  =  „  ,  ,v  i  H' 

•001292    V   (l   +  -00003^)  X  .  X-.- 

^         ^  >^  '     I+00366*'    760 


158.  BEiztare  of  erases  and  vapours.  —  When  a  gas  and 
vapour  which  exert  no  mutual  chemical  action  are  inclosed  in  the 
same  space,  they  will  exercise  separately  on  the  confining  surfaces 
precisely  the  same  pressures  which  each  would  produce  if  it  occu- 
pied the  same  space  in  the  absence  of  the  other,  and  consequently, 
the  total  pressure  which  their  mixture  will  produce  will  be  equal 
to  the  sum  of  the  pressures  which  they  would  produce  separately. 

The  apparatus  by  which  Gay-Lussac  established  experi- 
mentally this  important  law  is  shown  in  jig.  53,  and  consists  of 
a  glass  tube  b,  of  large  bore,  having  iron  caps  furnished  with 
stop-cocks,  a,  d,  cemented  on  to  the  top  and  bottom.  It  com- 
municates by  a  horizontal  branch,  having  a  stop-cock  c,  with 
another  vertical  tube  a,  of  much  smaller  bore  and  greater 
height.  A  graduated  scale  is  placed  between  these  tubes  so  as 
to  indicate  the  height  of  the  column  in  each  of  them. 

The  stop-cock  d  being  closed  and  a  and  c  opened,  let  mercury 
be  poured  into  the  tube  b  until  it  rises  to  the  level  of  the  stop- 
cock a.  Since  there  is  free  communication  between  the  two  tubes, 
the  mercury  will  rise  to  the  same  height  in  the  lesser  tube  a. 
c  is  a  funnel,  having  a  stop-cock  6,  which  can  be  screwed  upon 
the  tube  proceeding  from  the  stop-cock  a.  The  stop-cock  h  is 
constructed  in  a  peculiar  manner.  Instead  of  being  pierced  as 
usual  by  a  hole  passing  quite  through  it,  the  hole  passes  only 
half  through  it,  so  that  in  no  position  can  it  open  a  free  com- 
munication between  the  funnel  c  and  the  tube  b. 

A  bulb  F  is  provided,  furnished  with  a  stop-cock  /,  in  which 
dry  air  or  gas  can  be  condensed,  and  which  also  can  be  screwed 
upon  the  neck  of  the  stop-cock  a. 

Now,  let  us  suppose  dry  air  or  gas  to  be  condensed  in  the 
bulb  p,  the  stop-cock  /  being  closed.     Let  the  funnel  c  be  un- 
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screwed  from  the  neck  of  the  itop-cock  a,  the  meccniy  being  still 
at  the  level  of  the  stop-cxK:k  a  in  both  tabes.  Let  the  bulb  F 
be  now  screwed  on,  and  let  the  stop-cock  /  be  opened.  The 
column  of  mercuiy  in  n  Ib  now  subject  to  tiie  pressure  of  the 
condensed  air  or  gas  in  the 
£  bulb,  while  the  colonui  in  the 

tube  A.  a  subject  to  the  lesser 
pressure  of  the  atmosphere  ; 
it  follows  that  the  column 
of  mercury  in  the  tube  B  will 
descend,  and  thecolimui  in  a 
will  rise,  until  the  difference 
of  their  heights  represents 
the  excess  of  the  pressure 
of  the  gas  above  the  mercury 
in  B  over  that  of  the  atmo- 
sphere, liet  the  cock  a  bo 
now  closed,  and  let  the  cock 
d  be  opened,  so  that  a  por- 
tion of  the  mercury  in  the 
tubes  shall  fall  into  the  cis- 
tern H.  The  space  occupied 
by  the  air  or  gas  in  the  tube 
B  being  thus  gradually  en- 
larged, the  pressure  of  the  gas 
will  be  proportionally  dimi- 
nished, and  will  at  length  be 
reduced  to  that  of  the  atmo- 
sphere. The  moment  when 
this  takes  place  will  be  known 
by  observing  when  the  co- 
lumn of  mercury  in  the  tube 
A  falls  to  the  exact  level  of 
the  column  in  the  tube  b. 
When  this  takes  place  let  the 
cock  d  be  closed ;  we  shall 
then  have  a  portion  of  dry 
air  or  gas  above  the  mercury 
in  the  tube  b,  having  a  pres- 
sure exactly  equal  to  that  of  the  atmosphere. 

The  btdb  F  being  removed  from  the  neck  of  the  stop-cock  a, 
let  the  funnel  o  be  screwed  on  in  its  place,  and  let  a  portion  of 
the  liquid  whose  vapour  is  under  obaerration  be  poured  into  the 
funnel.     If  the  stop-cock  b  be  turned  with  its  cavity  upwards. 
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the  cavity  will  be  filled  with  the  liquid,  and  if  the  stop-ccck  h 
be  then  turned  half  round,  the  stop-cock  a  being  previously 
opened,  the  drop  of  liquid  in  the  cavity  will  fall  into  the  tube  b, 
where  it  will  float  upon  the  mercury ;  and  by  repeating  this 
process,  as  many  drops  as  may  be  desired  can  be  thus  let  in. 

When  a  portion  of  the  liquid  has  thus  been  let  in  upon  the 
mercury  and  is  enclosed  by  shutting  the  stop-cock  a,  a  part  of 
it  will  evaporate,  and  the  vapour  will  be  mixed  with  the  air  in 
the  tube  b  ;  and  at  the  same  time  the  column  of  mercury  in  the 
tube  A,  which  was  at  the  level  of  the  mercury  in  b,  will  rise 
above  it,  and  will  continue  to  rise  until  the  space  in  the  tube 
B  has  been  satiurated  with  vapour. 

Now,  if  the  diflerence  between  the  heights  of  the  columns 
in  the  two  tubes  be  observed,  it  will  be  found  to  be  exactly 
equal  to  the  height  of  a  column  which  would  balance  the  pres- 
sure of  the  vapour  of  the  liquid,  saturating  the  space  in  the 
tube  B,  if  no  air  or  gas  were  present  there. 

It  follows,  therefore,  from  this,  that  the  pressure  of  the  air 
or  gas  with  which  the  vapour  is  mixed  does  not  in  any  respect 
change  or  modify  the  effect  produced  by  the  pressure  of  the 
vapour. 

This  experiment  may  be  varied  by  varying  the  temperature 
to  which  the  tube  b  is  exposed.  It  will  be  found  in  all  cases 
that  the  difference  between  the  columns  of  mercury  in  the  two 
tubes  represents  exactly  the  pressure  of  the  vapour,  which 
would  saturate  the  space  in  the  tube  b,  at  the  temperature  to 
which  it  is  exposed. 

159.  Xilquids  ItaTingr  different  temperatures  cominanl- 
catingr  in  closed  vessels. — If  a  closed  vessel  in  which  a  liquid 
is  raised  to  an  elevated  temperature,  communicate  with  another 
v&ssel  which  is  maintained  at  a  lower  temperature,  the  vapour 
evolved  by  the  liquid  at  the  higher  temperatiu-e,  will  neverthe- 
less have  the  pressure  corresponding  to  the  lower  temperature. 
This  is  easily  ascertained  experimentally,  by  applying  any  pres- 
sure gauge  to  the  vessel  in  which  the  liquid  is  maintained  at  the 
higher  temperature.  The  fact  is  easily  explained  by  the  partial 
condensation  which  the  vapour  constantly  suffers  in  the  colder 
vessel. 

160.  Splieroidal  state  of  liquids. — If  a  small  drop  of 
water,  or  certain  other  liquids,  be  let  fall  from  a  funnel,  ter- 
minating in  a  small  and  fine  tube,  upon  a  surface  of  metal 
rendered  red  hot,  the  following  remarkable  phenomena  will  be 
manifested  : — 

1°.  The  liquid  will  not  wet  the  surface,  but  will  appear  to 
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avoid  touching  it,  and  will  assume  a  globular  form  like  that 
which  water  assumes  when  it  is  diffused  upon  a  greasy  surface, 
or  like  globules  of  mercury  upon  glass. 

2°.  Instead  of  entering  into  violent  ebullition,  as  might  be 
expected,  the  temperature  of  the  liquid  will  be  very  little 
affected,  and  the  drop  of  liquid  will  either  remain  at  rest  or  be 
affected  with  gyratory  motion. 

3°.  When  the  surface  on  which  it  rests  is  cooled  down  to  a 
temperature  which  varies  with  each  liquid,  and  is  more  elevated 
the  higher  the  boiling  point  of  the  liquid,  the  latter  will 
begin  to  diffuse  itself  on  the  surface,  ebullition  will  begin, 
and  the  liquid  will  be  suddenly  scattered  with  violence  in  all 
directions.  For  water,  the  dish  must  have  at  least  a  tempera- 
ture of  2CX)°  ;  for  alcohol,  134°  ;  and  for  ether,  61°. 

These  experiments,  usually  named  Leidenfrosfs  after  their 
discoverer,  can  be  most  conveniently  made  with  a  shallow 
capsule  of  metal  shaped  like  a  watch  glass,  which  may  be  ren- 
dered white  hot  by  a  powerful  lamp.  The  liquid  may  be  let  fall 
upon  it  in  small  drops  by  a  finely  pointed  pipette  or  funnel. 

161.  Boutigrny's  experiments. — ^M.  Boutigny,  who  has 
made  numerous  experiments  on  these  phenomena,  appears  to 
have  demonstrated  that  in  such  cases  the  globule  of  liquid  is 
not  in  contact  with  the  incandescent  metal,  but,  on  the  contrary, 
is  separated  from  it  by  a  space  of  sensible  magnitude.  He 
affirms  that,  directing  his  eye  between  the  globule  and  the  red- 
hot  surface,  he  has  seen  distinctly  in  the  intervening  space 
objects  on  the  other  side  of  the  globule.  This  phenomenon  has 
not  yet  been  clearly  and  satisfactorily  explained  ;  but  it  is  gene- 
rally supposed  that  around  the  globule  an  atmosphere  of  vapour 
is  formed,  which  has  sufficient  elasticity  to  prevent  the  contact 
of  the  globule  with  the  metal.  The  liquid  composing  the  drop, 
being  thus  prevented  from  contact  with  the  metal,  receives  no 
heat  from  it,  except  that  which  comes  by  radiation  ;  and  being 
more  or  less  diathermanous,  the  chief  part  of  this  passes  through 
it  without  affecting  its  temperature.  Indeed,  as  long  as  the 
liquid  in  the  hot  capsule  remains  in  the  spheroidal  state,  its 
temperature  is  always  below  its  boiling  point.  Boutigny  found, 
by  means  of  a  very  delicate  thermometer,  that  the  temperature 
of  water  in  the  spheroidal  state  was  95°,  that  of  alcohol  75°,  of 
ether  34°,  and  of  liquid  sulphurous  acid  —11°.  It  appears, 
however,  that  the  temperature  of  the  disengaged  vapour  is  as 
high  as  that  of  the  vessel  itself. 

Among  the  experiments  of  M.  Boutigny  is  one  which  is  so 
striking  in  its  result  as  to  merit  a  special  notice.  A  capsule  of 
platinum  being  rendered  white,  hot,  a  small  quantity  of  anhy- 
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drous  sulphurous  acid  in  the  liquid  state  is  poured  upon  it.  The 
boiling  point  of  this  liquid  being  so  low  as— 10°,  its  tempera- 
ture in  the  liquid  state  is  usually  much  lower ;  and  as  it  con- 
tinues in  the  liquid  state  upon  the  white-hot  metal,  the  two 
bodies  are  thus  exhibited  nearly  in  contact,  one  having  the 
temperature  of  400°  or  450°,  and  the  other  below  —  10°.  A  few 
drops  of  water  are  then  let  fall  upon  the  liquid  acid,  and, 
notwithstanding  their  proximity  to  the  white-hot  metal,  they 
are  instantly  congealed. 

To  the  same  class  of  phenomena  belongs  an  effect  with  which 
everyone  who  has  frequented  forges  or  ironworks  is  familiar. 
If  a  bar  of  iron  or  steel,  rendered  white  hot,  be  plunged  sud- 
denly in  water  it  will  continue  for  some  moments  without  per- 
ceptibly affecting  or  being  affected  by  the  water ;  it  will  retain 
its  incandescence,  and  will  produce  neither  hissing  nor  effer- 
vescence. It  is  only  when  its  temperature  has  been  lowered  that 
these  effects  will  be  manifested. 

162.  Vapour  separated  trom  a  liquid  obeys  tbe  laws  of 
expansion  by  beat  like  any  graseous  body. — In  the  tables, 
on  pages  165,  167,  etc.,  the  vapour  is  considered  as  being  in  the 
state  of  the  greatest  density  which  is  compatible  with  its  tem- 
perature. But  it  must  be  remembered  that  vapour  separated 
from  the  liquid  may,  by  receiving  heat  from  any  external 
source,  be  raised  like  so  much  air,  or  other  gaseous  fluid,  to 
any  temperatiu-e  whatever,  and  that  the  elevation  of  its  tem- 
perature under  such  circumstances  is  attended  with  the  same 
effects  as  in  the  case  of  atmospheric  air.  If  it  be  so  confined  as 
to  be  incapable  of  expansion,  its  pressure  will  be  augmented 
a  aYgrd  part  for  each  degree  of  the  centigrade  scale  through 
which  its  temperature  rises  ;  and  if  it  be  capable  of  expanding 
under  an  uniform  pressure,  then  its  volume  will  be  augmented 
in  the  same  ratio. 

163.  Properties' of  superbeated  vapour. — ^Vapour  which 
receives  a  supply  of  heat  after  it  has  been  separated  from  the 
liquid,  and  which  has  therefore  been  denominated  superheated 
vapour,  has  some  important  properties  which  distinguish  it  from 
the  vapour  which  proceeds  directly  from  the  liquid. 

The  vapour  which  proceeds  directly  from  a  liquid  by  the 
process  of  evaporation,  contains  no  more  heat  than  is  essential 
to  its  maintenance  in  the  vaporous  form.  If  it  lose  any  por- 
tion of  this  heat,  a  part  of  it  will  become  liquid  ;  and  the  more 
it  loses,  the  more  will  return  to  the  liquid  state,  until,  being 
deprived  of  all  the  heat  which  it  had  received  in  the  process  of 
evaporation,  the  whole  of  the  vapour  will  become  liquid, 

ic2 


j8o   general  effects  OF  HEAT  UPON  BODIES. 

But,  in  the  caae  of  superheated  vapour,  tlie  effects  are  dif- 
ferent. Such  vapour  may  lose  a  part  of  its  heat,  and  still  con- 
tinue to  be  vapour.  In  fact,  no  part  of  it  can  be  reduced  to  the 
lii^Hid  state  until  it  lose  all  the  heat  which  had  been  imparted  to 
it  after  evajwration. 

164.  BlTeots  of  mere  compression* — It  is  sometimes  af- 
finued  that  vapour  may,  by  mere  mechanical  compression,  be 
reduced  to  tlie  liquid  state.  This  requires  some  explanation  ; 
without  it,  it  is  true  neither  in  relation  to  vapour  raised  directly 
from  li([uids,  nor  super-heated  vapour. 

If  vapour  raised  directly  from  a  liquid  at  any  proposed 
|yresHure,  be,  after  separation  from  the  liquid,  either  compressed 
into  a  diminished  volume,  or  allowed  to  expand  into  an  increased 
volume,  its  temperature  will  be  raised  in  the  one  case  and 
lowered  in  the  other  ;  and,  at  the  same  time,  its  pressure  will 
be  augmented  by  the  diminution  and  diminished  by  the  aug- 
mentation of  volume.  It  will  be  found,  however,  that  the  tem^ 
perature,  pressure,  and  volume  will  in  every  case  be  exactly 
those.which  the  vapour  would  have  had  if  it  had  been  directly 
raised  from  the  liquid  at  that  temperature  and  pressure. 

Thus,  the  vapour  raised  from  water  at  the  temperature  of 
68^  F.  has  a  volume  58,224  times  greater  than  the  water  that  pro- 
duced it  (see  Table  I.  p.  165).  Now  let  this  vapour,  being  sepa- 
rated from  the  water,  be  compressed  until  it  be  reduced  to  a 
volume  which  is  only  i  ,696  times  that  of  the  water  which  pro* 
duced  it,  then  its  tempei*ature  will  rise  to  212°,  exactly  that 
which  it  would  have  had  if  it  had  been  directly  raised  from  the 
water  under  the  increased  pressure  to  which  it  has  been  sub- 
jected. 

Ill  the  same  manner,  whatever  other  pressure  the  vapour 
may  be  submitted  to,  it  will  still,  after  compression,  continue 
to  be  vapour,  and.  will  be  identical  in  temperature  and  volume 
with  the  vapour  which  would  be  raised  from  the  same  liquid 
directly  if  evaporat-ed  under  the  increased  pressure. 

Although  mere  compression  cannot  reduce  any  part  of  a 
volume  of  vapour  to  the  liquid  state,  it  will  facilitate  such  a 
change  by  raising  the  temperature  of  the  vapour  without  aug- 
menting the  quantity  of  heat  it  contains,  and  thereby  rendering 
it  possible  to  abstract  heat  from  it.  Thus,  for  example,  if  a 
voliuue  of  vapour  at  the  temperature  of  0°  be  given,  it  may  be 
difficult  to  convert  any  portion  of  it  into  a  liquid,  because  heat 
cannot  be  easily  abstracted  from  that  which  has  already  a  tem- 
perature so  low.  But  if  this  vapour,  by  compression,  and  with- 
out receiving  any  accession  of  heat,  be  raised  to  the  temperature 
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of  ioo°,  it  can  easily  be  deprived  of  a  part  of  ita  heat  by  placing 
it  in  contact  with  any  conducting  body  at  a  lower  temperature ; 
and  the  moment  it  loses  any  part  of  its  heat,  however  small,  a 
portion  of  it  will  be  reduced  to  the  liquid  state. 

165.  Permanent  grases  are  superlieated  vaRonrs. — It  may 
be  considered  as  certain  that  all  that  class  of  bodies  which  are 
denominated  permanent  gases  are  the  superheated  vapours  of  sub- 
stances which,  under  other  thermal  conditions,  would  be  found 
in  the  liquid  or  solid  state.  It  is  easy  to  conceive  a  thermal 
condition  of  the  globe  which  would  render  it  impossible  that 
water  should  exist  save  in  the  state  of  vapour.  This  would  be 
the  case,  for  example,  if  the  temperature  of  the  atmosphere 
were  100°  with  its  present  pressure.  A  lower  temperature, 
with  the  same  pressure,  would  convert  alcohol  and  ether  into 
permanent  gases. 

166.  Processes  by  wbloli  grases  have  been  liquefied  and 
solidified. — The  numerous  exj^eriments  by  which  many  of  the 
gases  hitherto  regarded  as  permanent  have  been  condensed  and 
reduced  to  the  liquid,  and,  in  some  cases,  to  the  solid  state, 
have  further  confirmed  the  inferences  based  on  the  preceding 
physical  principles.  The  principle  on  which  these  experiments 
have  in  general  been  founded  is,  that  if,  by  any  means,  the  heat 
which  a  superheated  vapour  has  received  after  having  assumed 
the  form  of  vapour  can  be  taken  from  it,  the  condensation  of  a 
part  of  it  must  necessarily  attend  any  further  loss  of  heat,  since, 
by  what  has  been  explained,  it  w^ ill  be  apparent  that  no  heat 
will  remain  in  it  except  what  is  essential  to  its  maintenance  in 
the  vaporous  state. 

The  gas  which  it  is  desired  to  condense  is  first  submitted  to 
severe  compression,  by  which  its  temperature  is  raised  either  by 
diminishing  its  specific  heat  or  by  rendering  sensible  the  heat  that 
was  previously  latent  in  it.  The  compressed  gas  is  at  the  same 
time  sinrounded  by  some  medium  which  is  at  a  very  low  tem- 
perature ;  so,  that,  as  fast  as  heat  is  developed  by  compression,  it 
is  absorbed  by  the  surroanding  medium. 

When,  by  such  means,  all  the  heat  by  which  the  gas  has 
been  surcharged  has  been  abstracted,  and  when  no  heat  remains 
save  what  is  essential  to  the  maintenance  of  the  elastic  state, 
the  gas  is  in  a  thermal  condition  analogous  to  that  of  vapour 
which  has  been  directly  raised  by  heat  from  a  liquid,  and  which 
has  not  received  any  further  supply  of  heat  from  any  other 
source.  It  follows,  therefore,  that  any  further  abstraction  of 
heat  must  cause  the  condensation  of  a  corresponding  portion  of 
the  gas. 
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167.  Oases  whicli  have  been  liquefied. — The  following  are 
some  of  the  gases  which,  being  kept  at  the  constant  temperature 
of  0°  by  depriving  them  of  heat  as  fast  as  their  temperature  was 
raised  by  compression,  have  been  reduced  to  the  liquid  state* 
The  pressures  necessary  to  accomplish  this  are  here  indicated  : — 


Name  of  Gases  condensed 

Pressure  under  which 

Condensation  took 

place 

!  Sulphurous  acid 

Cyanogen  gas 

Hydriodic  acid        ...,,, 

Amm(  niacal  gas 

Hydrochloric  acid 

i  Nitrous  Oxide 

Carbonic  acid 

Atmospheres 

I -5 

2*3 

40 

4*4 
80 

37 -o 
39 -o 

If  these  substances  be  regarded  as  liquids,  the  above  pres- 
sures would  be  those  under  which  they  would  vaporise  at  0°.  If 
they  be  regarded  as  vapours,  they  are  the  pressures  under  which 
they  would  be  condensed  at  0°. 

M.  Pouillet  succeeded  in  condensing  some  of  these  gases  at 
the  following  higher  temperatures  and  greater  pressures  : — 


Gas 

Temperature 
Fahrenheit 

Pressure 
Atmospheres 

Sulphurous  acid  ..... 

Ammoniacal  gas 

Nitrous  Oxide 

Carbonic  acid 

0 
46-4 

51-8 
50 

2-5 

5 
43 
45 

Hydrochloric  acid  has  been  liquefied  under  a  pressure  of  40 
atmospheres,  at  the  temperature  of  9°. 

168.  Bzperiments  of  BE.  Pouillet. — The  apparatus  used  in 
these  experiments  consisted  of  two  glass  tubes  a  b  {fig.  54)  of 
small  and  perfectly  uniform  calibre,  each  80  inches  long.  Their 
lower  ends  were  inserted  in  a  block  of  cast  iron,  d,  communi- 
cating by  a  horizontal  tube  c,  with  a  massive  cast-iron  reservoir 
c,  the  lower  part  of  which  is  filled  with  mercury,  and  the  upper 
part  with  oil.  A  solid  plunger  d  passes  through  an  oil-tight 
collar  and  stuffing-box  e,  and  is  urged  by  a  screw  b,  turned  by 
a  powerful  handle  p.     When  the  screw  is  turned,  so  as  to  cause 
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the  plunger  d  to  descend  into  tlie  reservoir,  tlio  oil 
vhich  it  dispUoee.  forves  a)i  equal  Tulum«  of  mer- 
cmy  from  the  reHurvoir  into  the  tubes  a,  b. 

Th«  diameten  of  the  tubes  a,  b,  were  about  the 
loth  of  an  inch.  The  gaaea  operated  upon,  beintj 
previously  obtained  perfectly  dry  and  pure,  are 
introdnced  into  tlie  tubes  at  the  top  ;  and  when 
filled  with  them,  the  tops  are  closed  by  tlie  blow- 
pipe. 

By  this  apparatus  M.  Pouillet  was  able  to 
obtain  a  compressing  force  of  the  prodigious  ia- 
tensity  of  loO  atmospherea,  which  is  equivalent  to 
a  pressure  of  1 500  lbs.  per  square  inch. 

The  liquids  produced  by  the  compression  of 
carbonic  acid  and  the  nitrous  oxide,  were  perfectly 
limpid  and  colourless.  That  produced  \>y  ammo- 
oiAcal  gas  had  a  yellowish  green  colour. 

169.  CarboniD  acid. — Of  all  the  gaaes  which 
have  been  liquefied,  that  which  presents  circum- 
Btances  of  the  greatest  interest  is  carbonic  acid. 
We  shall,  therefore,  here  briefly  describe  this  gas, 
and  show  the  process  by  which  it  has  lieen  reduced, 
not  merely  to  the  liquid,  hut  even  to  the  scilid  state. 

Carbonic  acid  in  a  colourless  aeriform  fluid, 
nearly  without 
odour,  and  hav-  ' 
i&g  a  slightly 
acid  flavour. 
Bulk  for  hulk, 
it  is  heavier  than 
air  in  the  pro- 
portion of  nearly 
3  to  z  ;  and  this 
relative  weight 
is  such,  that  if 
the  surrounding 
air  be  not  agi- 
tated, the  gas 
may  be  poured 
'  from  one  vessel, 


^M-  55.  to  an- 
other vessel,  B, 
as  a  liquid  wonld 
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There  are  various  methoda'  of  producing  this  gas,  one  of 
wlucli  consists  in  putting  pieceB  of  marble  in  a  flask,  a,  fig.  56. 
T]ie  flask  is  then  nearly  half  filled  with  water  ;  a  ^asB  tube 
terminatii^  with  a  funnel  above,  pssses,  air-tight,  through  its 
neck,  6,  the  lower  end  descending  below  the  level  of  the  water. 
Another  glass  tube  twice  bent  as  shown  in  the  figure  is  inserted, 
air-tight,  in  a  second  neck,  a,  the  other  end  of  which  dips 
down  below  the  surface  of  the  water  in  an  adjacent  vessel,  in 
which  a  flaak,  previously  filled  with  water,  is  invert«d,  the  end 


f  the  tube,  turned  upwards,  entering  the  mouth  of  this  flask. 
At  the  commencement  of  the  process,  the  atmospheric  pressure 
acting  on  the  surface  of  the  water  in  the  veaael,  prevents  the 
water  from  falling  out  of  the  flaak,  and  keeps  it  filled. 

A  small  quantity  of  hydrochloric  acid  is  now  poured  into  the 
vessel  A  through  the  tube  which  passes  through  the  neck  h  ;  this, 
mixing  immediately  with  the  water,  forms  a  solution  which  pro- 
duces a  strong  chemical  action  on  the  marble.  Marble  being  a 
substance  whose  constituents  are  carbonic  acid  and  lime,  and 
the  hydrochloric  acid  having  a  much  stronger  chemical  attrac- 
tion than  the  carbonic  acid  has  for  the  lime,  tears  the  latter  from 
it,  liberating  the  carbonic  acid,  which  rises  in  the  gaseous  state 
to  the  upper  part  of  the  flask,  a,  passes  through  the  neck  a,  then 
through  the  bent  tube,  and,  rising  in  bubbles  through  the 
water  in  the  inverted  flask,  collects  in  the  upper  part  of  it, 
pressing  the  water  downwards,  as  shown  in  the  figure. 

This  gas  is  so  soluble  in  water,  that  it  mixes  intimately  with 
it,  so  that  under  the  ordinary  pressure  and  temperature  of  the 
atmosphere,  water  in  contact  with  carbonic  acid  will  absorb  its 
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own  bulk  of  that  gas  ;  but  what  is  more  remarkable,  it  will  still 
absorb  its  own  bulk  to  whatever  extent  the  density  of  the  gas 
may  be  increased.  Thus,  if  a  gallon  of  water  be  in  contact 
witii  carbonic  acid,  under  the  atmospheric  pressure,  it  will 
absorb  a  gallon  of  that  gas.  If  the  pressure  be  two  atmospheres, 
it  will  still  absorb  a  gallon,  but  that  gallon  will  contain  twice  as 
much  carbonic  acid  as  the  former,  in  consequence  of  the  double 
compressing  force.  In  the  same  manner,  if  it  be  subject  to  the 
pressure  of  three  atmospheres,  it  will  absorb  three  times  the 
quantity  of  the  gas,  and  so  on. 

Jf  water  which  has  thus  absorbed  a  large  quantity  of  car- 
bonic acid,  in  consequence  of  the  pressure  exerted  upon  it,  be 
suddenly  relieved  from  that  pressure,  the  gas  previously  ab- 
sorbed will  immediately  escape,  rising  from  every  part  of  the 
water  in  small  bubbles,  and  producing  the  effect  denominated 
cjferwacence. 

This  is  exactly  what  takes  place  when  a  bottle  of  champagne 
is  uncorked  :  so  long  as  the  cork  maintained  the  pressure,  the 
gas  previously  absorbed  by  the  liquid  was  retained  ;  but  the 
moment  the  removal  of  the  cork  reUeves  the  liquid  from  this 
pressure,  the  gas  rises,  and  produces  the  sparkling  effervescence 
with  which  everyone  is  familiar. 

The  same  observations  are  applicable  to  other  fermented 
liquors  and  gaseous  drinks,  such  as  soda  water,  effervescent 
lemonade,  and  so  on. 

A  simple  apparatus  by  which  water  charged  with  car- 
bonic acid  gas  can  be  made  is  a  common  object  of  sale  in 
the  shops.  This  consists  of  a  stone  bottle,  shown  in^.  57,  a 
vertical  section  of  it  being  given  in  fig,  58.  The  bottle  is  divided 
into  two  compartments,  a  and  b,  between  which  there  is  a  com- 
munication by  a  capillary  canal  a  h  ;  the  substance  which  gene- 
rates the  gas  is  introduced  through  an  opening  0  into  an  acid 
solution  contained  in  a,  after  which  the  opening  0  is  closed  by  a 
sqrew  cover  provided  for  the  purpose.  The  upper  compartment 
B  of  the  bottle  is  previously  filled  with  water  to  the  point  a ;  a 
pipei  descends  in  it  nearly  to  the  bottom,  and  communicates 
with  a  lateral  spout  v  ;  that  communication,  however,  being  cut 
off  when  the  screw  p  is  turned,  so  that  its  end  presses  on  the 
upper  opening  of  the  tube  i.  When  the  screw  p  is  turned  down, 
so  as  to  shut  off  the  communication  between  i  and  v,  the  carbonic 
acid  generated  in  a  rising  through  h  a,  collects  in  the  upper  part 
of  the  bottle  ;  and  being  pressed  upon  the  surface  of  the  water, 
is  dissolved  by  it,  and  this  goes  on  until  the  pressure  of  the 
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gas  becomes  eo  great  aa  to  retard  or  stop  its  generation  in  a. 
In  all  states  of  the  gaa  the  water  b  will  contain  as  much  of  it 
as  would  occtipy  the  space  filled  by  the  water  if  the  water  were 
absent. 

^\1»en  it  is  desired  to  obtain  a  draught  of  the  liquid,  a  glass 
is  held  to  the  mouth  of  the  tube  v  and  the  screw  p  is  turned  so 


as  to  open  the  communication  between  i  and  v,  when  imme- 
di^ely  the  pressure  of  the  gas  in  the  bottle  forces  the  water  up 
the  tube  i,  and  through  v  into  the  glass.  When  the  glass  is 
filled,  the  screw  p  is  closed,  and  the  water  in  the  glass  being 
relieved  from  the  eicessire  pressure  to  wliich  it  was  subject  in 
the  bottle,  the  gas  effervesces,  and  an  effect  is  produced  with 
which  everyone  is  familiar. 

170.  Thilorler'B  apparama.— The  liquefaction  and  solidifi- 
cation of  carbonic  acid  gas  was  first  effected  by  M,  Thilorier,  by 
means  of  an  apparatus,  a  vertical  section  of  which  is  represented 
in  Jig.  59,  where  A  and  b  are  two  strong  metal  cyhnders,  con- 
structed so  as  to  resist  an  enormons  pressure  :  they  are  closed 
by  screw  stoppers,  and  communicate  with  each  other  by  a  small 
pipe  8  t  x  ;  stop-cocks  are  placed  at  r  and  r',  so  as  to  open  or 
close  at  pleasure  the  communication  between  the  pipe  s  tx  and 
either  cylinder.  The  cylinder  a  is  called  the  generaior,  and  b 
the  reeeiwr. 

These  cyhnders  are  constructed  precisely  ahke,  each  contain- 
ing about  2  gallons.  The  generator  is  suspended  vertically 
between  two  points,  /  and  /,  placed  a  little  above  its  centre 
of  gravity,  on  which  it  ia  capable  of  receiving  a  rocking  motion. 
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Remormg  the  atoppw  i  from  the  generator,  a  gallon  of  wttttr 
ia  introduced  into  it  at  a  temper&ture  of  about  35°,  irith  abuut 
4  lb*,  of  bicarbonate  of  aoda.     A  oyliudricol  cupjier  tul<e  u  ■ 


OE9.60),  containing  about  2  lbs.  of  concentrated  sulpburic  acid, 
is  then  introduced  into  the  generator,  and  so  placed  as 
to  be  held  always  in  the  direction  of  its  axia,  bo  that  ■ 
when  the  generator  ia  vertical,  no  part  of  the  acid  can 
faU  from  the  tube.  B;  turning  the  generator  upon  its 
Bnpporta  until  it  ia  inclined  a  little  beyond  a,  horizontal 
position,  the  acid  is  all  discharged  from  the  tube,  and 
mixsH  with  the  solution  of  the  bicarbonate. 

The  top  of  the  generator  being  preyiouiilj  dosed  by 
the  handles  m  n  and  the  stop-cock  r,   chemical   action      ^ 
CommenceB,  and  the  sulphuric  acid,  acting  upon  the  soda 
bicarbonate,  liberates  the  carbonic  acid,  with  which  the  gj,  ^ 
upper  part  of  the  generator  becomes  immediately  filled, 
and  its  condensation  soon  becomes  so  great  as  to  exercise  a  pres- 
sure by  which  a  part  of  the  gas  is  liquefied  in  the  generator.    The 
tube  six  being  nov  screwed  on,  and  the  stop-cocks  r  and  r' 
opened,  the  carbonic  acid  rushes  in  the  gaseous  state  through  the 
tube  into  the  receiver  b,  where  itis  soon  condensed,  and  assume* 
■   the  liqjiid  fonn.      This  condensation  is  produced  partly  by 
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the  pressure  of  the  g^s,  and  partly  by  the  difference  between 
the  temperatures  of  the  generator  and  receiver.  By  the  action 
of  the  sulphuric  acid  on  the  water  with  which  it  is  mixed  the 
temperature  of  the  solution  and  of  the  generator  is  about 
35°,  while  the  temperature  of  the  receiver  is  not  greater  than 
that  of  the  surrounding  air.  The  pressure  of  the  carbonic  acid 
corresponding  to  the  former  temperature  being  75  atmospheres, 
while  that  corresponding  to  the  latter  is  only  50  atmospheres,  a 
condensation  must  take  place  sufficient  to  reduce  the  density  of 
the  gas  in  the  proportion  of  3  to  2 ;  so  that  in  less  than  a  minute 
all  the  carbonic  acid  of  the  generator  is  transferred  to  the  re- 
ceiver, after  which  the  communications  are  closed,  the  generator 
refilled,  and  the  process  rex>eated.  After  this  operation  has  been 
performed  five  or  six  times,  about  half  a  gallon  of  liquid  car- 
bonic add  will  be  collected  in  the  receiver.  Above  the  surface 
of  this  liquid  is  a  gaseous  atmosphere,  exercising  a  pressure  of 
about  50  atmospheres,  supposing  the  temperature  of  the  sur- 
rounding mediimi  to  be  about  15°.  It  is  evident  that  if  the 
stop- cock  r'  be  opened,  the  tube  a  being  below  the  level  of  the 
liquid,  the  liquid  acid  will  be  projected  with  great  force  from 
the  receiver.  If  the  tube  s  t  x  were  detached,  and  the  liquid 
were  allowed  to  issue  into  the  air,  it  would  immediately  take 
the  gaseous  form,  producing  a  whitish  cloud,  like  steam  issuing 
from  the  valve  of  a  high-pressure  engine.  Owing  to  the  enor- 
mous quantity  of  heat  rendered  suddenly  latent  by  the  instan- 
taneous conversion  of  the  liquid  acid  into  gas,  the  gas  thus  issu- 
ing would  have  an  extremely  low  temperature.  If,  however,  the 
jet  of  liquid  acid  be  directed  into  a  strong  metallic  fiask,  a  por- 
tion of  it  only  will  be  volatilised,  taking  from  the  sides  of  the 
flask  the  heat  which  renders  it  latent.  By  this  means  the  tem- 
perature of  the  flask  will  be  reduced  to  a  temperature  so  low  as 
—  70° on  Fahrenheit's  scale.  The  acid  reduced  to  this  temperature 
will  become  solid,  under  the  form  of  a  white  cotton,  like  snow. 
It  can  be  preserved  in  this  state  much  longer  than  in  the  liquid 
state  ;  its  evaporation  being  very  slow,  owing  to  its  low  conduct- 
ing power  in  the  solid  form.  An  air  thermometer  sun'ounded 
with  it  would  show  a  temperature  of  —  108°,  or  108°  below  zero, 
or  140°  below  the  freezing  point  on  Fahrenheit's  scale. 

A  flake  of  this  snowy  substance  can  be  placed  upon  the  hand 
without  producing  any  considerable  sense  of  cold,  because  it  is 
continually  isolated  from  the  hand,  and  the  contact  is  prevented 
by  a  stratum  of  gas  which  is  continually  disengaged  from  it — an 
effiect  which  has  an  obvious  analogy  to  the  phenomena  manifested 
by  liquids  let  fall  upon  red-hot  iron,  as  already  described.     If, 
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however,  instead  of  laying  the  acid  flakes  upon  the  hand,  thoy 
are  pressed  between  the  fingers,  a  most  painful  sensation  would 
be  produced,  like  that  attending  a  severe  burn,  and  the  skin 
will  be  blistered  in  the  same  manner. 

The  metallic  box  or  flask  in  which  the  solid  acid  is  usually 
collected  is  represented  in  fig.  61.  It  is  comi>osed  of  two  parts 
abed,  and  a^  V  c^  df  {fig,  62),  which  can  be  easily  united  or 
separated.  The  part  ah  cd  has  a  tube  c  d  leading  to  it,  into 
which  a  small  tube  u  enters,  which  has  been  previously  fixed  at 
X  upon  the  receiver  b  {fi>g,  59).  On  opening  the  stoi)-cock  r',  the 
liquid  gas  rushes  out  through  u,  and,  passing  tlirough  the  tube 
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Fig.  61. 

d  c,  penetrates  into  the  box,  where  it  is  discharged  tangentially 
from  the  point  of  the  tube  u,  which  is  bent  at  right  angles  to  d  c. 
It  strikes  against  a  plate  of  metal  m,  so  disposed  as  to  produce  a 
gyratory  motion ;  a  part  of  the  liquid  acid  takes  the  form  of  gas, 
which,  after  whirling  round  the  box,  escapes  at  the  central  tubes 
c  d  and  c'  d' ;  the  remainder  of  the  acid  is  solidified  in  the  form 
already  described  of  snowy  flakes,  and  can  be  collected  on  opening 
the  box.  The  tubes  c  d  and  c'  d^  are  enveloped  by  two  concen- 
trical  tubes  wrapped  with  cloth,  so  that  the  operator  can  hold 
them  without  suflering  from  the  severe  cold  of  the  remainder  of 
the  box. 

If  a  liquid  which  does  not  combine  chemically  with  the  car- 
bonic acid,  and  which  is  not  congealed  at  a  very  low  tempera- 
ture, be  poured  upon  it,  the  evaporation  of  the  acid  is  accele- 
rated, because  the  liquid  filling  its  pores  increases  considerably 
its  conducting  power. 

The  rapid  evaporation  thus  effected  produces  a  cold  of  extra- 
ordinary intensity,  by  means  of  which  bodies  immersed  in  the  acid 
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BUT  be  radnecd  to  m  tempentoR  ^  bdov  tiat  of  tbe  solid  add. 
If  aoch  A  mutore  be  pUeed  imdeT  tbe  raceiTer  of  an  air  pomp, 
and  the  eTaporation  U>  fonber  acoeteiated  bj  mating  a  Tacaum 
aronnd  it,  a  temperature  maj  be  obuuned  which  will  be  loo" 
b«lo«  the  fieeziii^  point. 

The  liquid  commoiilj  nsed  for  this  pnrpaae  ■■  ether.  Bj 
mean*  of  the  frigi»ific  paste  tbiu  prodnced  2  Iba.  ct  mercmy 
may  be  eaailj  •olidi£ed  in  a  few  minates ;  and  if  a  ^an  tube, 
faertDeticklly  sealed,  oont«inii)g  liquid  ortmoic  add,  be  plnnged 
in  each  a  mixture,  tbe  add  will  be  immediatelr  congealed,  as- 
■nming  the  ^pearance  of  ice. 

A  most  convenient  apparatus  for  the  liquefaction  and  solidi- 
fication of  carbonic  acid  on  a  lai^  scale  has  been  recently  oon- 


struoted  liy  Momw.  Beleuil,  of  Paris.  This  apparatus  is  repre- 
Hunted  injiy.  63.  It  consistB  of  two  cylinders,  perfectly  equal 
and  similnr,  and  similarly  suspended.  They  are  in  cast  iron, 
tibout  1^  inch  thick,  and  having  a  capacity  of  something  leas 
than  a  gallon.  They  are  strongly  bonnd  with  four  longitudinal 
ribs  and  Uirou  hoop«  of  wronglit  iron.  The  arrangement  of  stop- 
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cocks  and  other    commnnicationB   corresponds  with   that    in 
Thilorier's  apparatus  already  described. 

171.  Faraday's  Metbod  of  Uqaefyinr  Ckwes. — Humphrey 
Dayy  and  Faraday  were  the  first  to  liquefy  gases  which  were 
considered  permanent  up  to  that  time.  Faraday  especially 
devoted  himself  to  systematic  experiments  on  the  subject,  by  a 
method  as  simple  as  it  is  effective.  The  apparatus  consists  of  a 
Tery  strong  bent  glass  tube,  one  end  of  which  contains  chemical 
substances  which  evolve  the  gas  on  the  application  of  heat, 
while  the  other  end  is  immersed  in  a  freezing  mixture.  The 
large  quantity  of  gas  evolved  is  contained  in  a  confined  space, 
and  this  increase  of  pressure,  combined  with  the  lowering  of 
temperature  by  means  of  the  freezing  mixture,  produces  lique- 
faction, and  the  liquid  accordingly  collects  in  the  cold  portion 
of  the  tube.  Cyanogen  may  thus  be  liquefied  by  heating 
.  cyanide  of  silver,  enclosed  in  one  end  of  the  tube  ;  and  sul- 
phuretted hydrogen  by  using  the  bisulphide  of  hydrogen,  a 
heavy  yellow  oily  liquid. 

In  the  same  or  a  similar  manner  the  following  gases  have 
been  liquefied :  sulphurous  acid,  chlorine,  ammonia,  hydro- 
chloric acid  gas,  carbonic  acid,  and  several  other  gases.  In  his 
later  experiments  Faraday  employed  two  pumps,  the  first  hav- 
ing a  piston  of  an  inch,  and  the  second  of  only  half  an  inch 
diameter.  The  first  pump  in  the  earlier  stage  of  the  operation 
forced  the  gas  through  the  second  in  the  receiver.  In  the 
later  stage  the  second  pump  was  also  worked,  so  as  to  force  the 
gas  already  condensed  to  10,  15  or  20  atmospheres  into  the 
receiver  at  a  much  higher  pressure.  The  receiver  was  a  tube 
of  green  bottle-glass,  and  was  immersed  in  a  very  intense 
freazing  mixture,  consisting  of  solid  carbonic  acid  and  ether,  the 
cooling  effect  being  sometimes  increased  by  exhausting  the  air 
and  vapour  from  the  vessel  containing  the  freezing  mixture,' 
so  as  to  promote  more  i^apid  evaporation. 

172.  Sxperlments  of  Cagrnlard  de  la  Tour,  Brion,  and 
Andrews. — Cagniard  de  la  Tour  obtained  remarkable  results  by 
heating  volatile  liquids,  such  as  alcohol,  petroleum,  and  sul« 
phuric  ether^  in  closed  glass  tubes  of  great  resisting  power,  the 
capac'ty  of  the  tubes  being  about  double  the  volume  of  the 
enclosed  liquid.  At  a  certain  temperature,  which  was  36°  C.  for 
alcohol,  and  42°  for  ether,  the  liquid  suddenly  disappeared, 
being  apparently  converted  iato  vapour  in  an  instant. 

Drion  made  similar  experiments  on  hyponitric  acid,  sul- 
phurous acid,  and  hydrochloric  ether,  and  his  results  may  be 
embodied  in  the  following  statements  : — ist,  the  coefficients  of 
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apparent  expansion  of  these  liquids  increase  rapidly  with  the 
temperature.  2nd,  their  coefficients  of  apparent  expansion 
become  equal  to  the  coefficient  of  expansion  of  air  at  tempera- 
tures much  lower  than  those  at  which  total  conversion  into 
vapour  occurs.  3rd,  their  coefficients  of  apparent  expansion 
may  even  become  double  and  more  than  double  the  coefficient 
of  expansion  of  air. 

Thilbrier  had  already  shown  that  the  expansion  of  liquid 
carbonic  acid  between  the  temperatures  0°  and  30°  0.  is  four 
times  as  great  as  that  of  air.  Drion  found  that  at  130°  0.  the 
coefficient  of  expansion  of  sulphurous  acid  was  '009571.  He 
also  observed  that  when  the  temperature  was  raised  very 
gradually  to  the  point  of  total  vaporisation,  the  free  surface 
lost  its  definition  and  was  replaced  by  a  nebulous  zone  without 
definite  edges,  and  the  reflecting  power  had  disappeared  also. 
This  zone  increased  in  size  both  upwards  and  downwards,  but 
at  th^  same  time  became  less  visible  until  the  tube  appeared 
completely  empty.  The  same  appearances  were  reproduced  in 
inverse  order  on  gradually  cooling  the  tube.  When  the  liquid 
was  contained  in  a  capillary  tube,  or  when  a  capillary  tube  was 
partly  immersed  in  it,  the  curvature  of  the  meniscus  and  the 
capillary  elevation  decreased  as  the  temperature  rose,  until 
finally,  just  before  the  occurrence  of  total  vaporisation,  the 
surface  became  plane,  and  the  level  was  the  same  within  as 
without  the  tube. 

The  experiments  of  Dr.  Andrews,  who  used  an  apparatus 
which  permitted  the  pressure  and  temperature  to  be  altered 
independently  of  each  other,  have  proved  that  carbonic  acid 
cannot  be  liquefied  at  temperatures  above  31°  C.  When  at  a 
temperature  above  31°  the  gas  is  subjected  to  intense  pressure, 
it  becomes  reduced  to  a  condition  in  which,  though  homo- 
geneous, it  is  neither  a  liquid  nor  a  gas.  When  it  is  in  this 
condition,  and  the  temperature  be  lowered  while  the  pressure 
remains  constant,  it  is  reduced  to  the  liquid  state  ;  again,  being 
in  that  condition,  and  the  pressure  being  lowered  while  the 
temperature  remains  constant,  it  is  converted  into  a  gas.  In 
neither  case,  however,  during  the  transition,  can  any  breach 
of  continuity  be  detected.  When  carbonic  acid  is  at  tempera- 
tures below  31°,  it  remains  completely  gaseous  until  the  pressure 
reaches  a  certain  limit  depending  on  the  temperature,  and  at 
any  pressure  which  exceeds  this  limit,  liquefaction  commences 
and  continues  until  the  whole  of  the  gas  is  liquefied,  the 
boundary  between  the  liquefied  and  lydiquefied  portions  being 
always  sharply  defined.     The  temperature  of  31°  C.  has  been 
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called  the  criticcd  iemperaUi/re  for  carbonic  acid.  Other  sub- 
stances, for  example,  nitrous  oxide,  hydrochloric  acid,  ammonia, 
sidphuric  ether,  and  carbon  sulphide,  have  exhibited  critical 
temperatures,  which  for  some  of  these  substances  were  above 
100®  C.  It  is  probable,  that  every  other  substance,  whether  it 
is  a  liquid  or  a  gas,  under  ordinary  circumstances,  has  in  like 
manner  its  own  critical  temperature. 

In  order  to  convert  contiwiKyudy  a  gas  into  a  liquid,  the  gas 
must  first  be  compressed  at  a  temperature  higher  than  its 
critical  temperature  until  it  is  reduced  to  the  volume  which  it 
will  occupy  when  liquid,  and  then  it  must  be  cooled  below  the 
critical  temperature.  In  order  to  convert  continuously  a  liquid 
into  a  gas,  its  temperature  must  be  raised  first  above  the  critical 
point  under  a  pressure  sufScient  to  prevent  ebullition,  and 
then  it  must  be  allowed  to  expand. 

When  a  substance  is  a  little  above  its  critical  temperature 
and  occupies  a  volume  which  would,  at  a  lower  temperature, 
be  compatible  with  partial  liquefaction,  very  great  changes  of 
volume  are  produced  by  very  slight  changes  of  pressure.  On 
the  other  hand,  when  a  substance  is  at  a  temperature  a  little 
below  its  critical  point,  and  is  partially  liquefied,  a  slight 
increase  of  temperature  leads  to  a  gradual  obliteration  of  the 
surface  of  demarcation  between  the  liquid  and  the  gas  ;  and 
when  the  whole  has  thus  been  reduced  to  a  homogeneous  fluid,  it 
can  be  made  to  exhibit  an  appearance  of  moving  or  flickering 
stride  throughout  its  entire  mass  by  slightly  lowering  the  tem- 
peratiure,  or  suddenly  diminishing  the  pressure. 

The  apparatus  employed  in  these  remarkable  experiments 
is  described  in  the  Philosophical  Tromsactions  for  1869. 

173.  Bxoeptloiis  tFom  tbe  general  law. — It  has  been  found 
that  when  gases  are  submitted  to  extreme  compression,  and 
deprived  of  a  large  portion  of  their  heat,  they  begin  to  depart 
from  the  general  law  in  virtue  of  which  the  density  of  gaseous 
bodies  at  the  same  temperature  is  proportional  to  the  com- 
pressing force,  and  they  are  found  to  acquire  a  density  greater 
than  that  which  they  would  have  under  this  general  law.  This 
would  appear,  therefore,  as  a  departure  from  the  law,  prelimi- 
nary to  the  final  change  from  the  gaseous  to  the  liquid  state  ; 
and,  in  this  point  of  view,  analogies  have  been  observed  which 
render  it  probable  that  the  point  of  condensation  of  several  of 
the  gases  not  yet  liquefied  has  been  very  nearly  approached. 

Thus,  it  has  been  found  that  the  density  of  several  of  them, 
among  which  may  be  mentioned  light  carburetted  hydrogen 
(marsh  gas)  and  olefiant  gas  (heavy  carburetted  hydrogen)^  has 
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htat  MnablT  greater  than  tliai  due  to  the  compreamig  force 
under  eiaene  de^ree»  ci  ecmpreaooBL  Of  tlieae  two  gases  the 
laiter  bas  indeed  been  laqoedSed  under  an  enonnoos  pleasure 
at  a  tiempefmtiir&  of  —  i  :<r  C. 

174.  gfcnllin— — If  heat  be  oontmnaDT imparted  to  a  liquid, 
its  tempexatnre  viU  be  aognrtnted.  but  will  only  rise  to  a  cer- 
tain point  on  the  thomometnc  scale.  At  that  point  it  will  re- 
main stationaiT,  nntfl  the  whole  of  the  Kqnid  shall  beconTerted 
into  Taponr.  Dming  this  psoeeas,  Taponr  will  be  formed  in 
gieatier  or  less  qnantirr  throoglKNit  the  entire  Tolnme  of  the 
liquid,  but  mote  abundantly  at  those  parts  to  whidi  the  heat  is 
^[>plied.  Thos  if,  as  nsoally  happens,  the  heat  be  i^[yplied  at 
the  bocuMn  of  the  Ttssel  containing  the  liquid,  the  Taponr  will 
be  formed  there  in  large  bubbles,  and  will  rise  to  the  surface, 
pcodncing  that  agitation  of  the  liquid  whidi  has  been  called 
boUit^  or  dmUiUim. 

This  limiting  temperature  is  called  the  hoUing  point  of  the 
liquid. 

Diffident  liquids  boil  at  difTeanent  temperatures.  The  boiling 
point  of  a  liquid  is  therefore  one  of  its  specific  physical  characters. 

175.  Tlie  fcffJHiig  poiBt  depends  en  pressure* — ^Liquids  in 
general  being  boiled  in  open  Tesaels  are  subject  to  the  pressure 
of  tiie  atmosphere.  If  this  pressure  vary,  as  it  does  at  different 
times  and  places,  or  if  it  be  increased  or  diminished  by  artificial 
means,  the  boiling  point  will  undergo  a  corresponding  change. 
It  will  rise  on  the  thermometric  scale  as  the  pressure  to  which 
the  liquid  is  subject  is  increased,  and  will  fall  as  that  pressure 
is  diminished. 

The  boiling  point  of  water  is  212^  on  Fahrenheit's  scale, 
when  subject  to  a  pressure  very  nearly  equal  to  that  of  a  column 
of  30  inches  of  mercury.  It  is  185°,  when  subject  to  a  pressure 
expressed  by  17  inches  of  mercury. 

In  general,  the  temperatures  at  which  water  would  boil 
under  the  pressures  expressed  in  the  second  column  of  the  table 
(page  165),  are  expressed  in  the  first  column. 

176.  Bxperimental  verillcation. — Let  water  at  the  tempe- 
rature of  90®,  for  example,  be  placed  in  a  glass  vessel,  under  the 
receiver  of  an  air-pump,  and  let  the  air  be  gradually  withdrawn. 
After  a  few  strokes  of  the  pump  the  water  will  boil ;  and  if  the 
gauge  of  the  pump  bo  observed,  it  will  be  found  that  the  height 
of  the  niorourial  column  will  be  about  23J  inches.  Thus,  the 
])roiMuro  to  which  the  water  is  submitted  has  been  reduced  from 
the  ordinary  pressure  of  the  atmosphere,  to  a  diminished  pres- 
sure expressed  by  23^  inches,  and  we  find  that  the  temperature 
at  wliich  the  water  boils  has  been  lowered  from  100°  to  90°.    Let 
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the  same  experiment  be  repeated  with  water  at  the  temperature 
of  80°,  and  it  will  be  found  that  a  further  rarefaction  of  the 
air  is  necessary,  but  the  water  will  at  length  boil.  If  the  gauge 
of  the  pump  be  now  observed,  it  will  be  found  to  stand  at  1 5 
inches,  showing  that  at  the  temperature  of  80°  water  will  boil 
under  half  the  ordinary  pressure  of  the  atmosphere.  This  ex- 
periment may  be  varied  and  repeated,  and  it  will  always  be 
found  that  water  will  boil  at  that  temperatiu-e  which  corresponds 
to  the  pressure  given  in  the  tables  already  referred  to. 

The  dependence  of  the  boiling  point  on  the  pressure  may 
also  be  illustrated  by  the  following  simple  experiment.  In  a 
glass  flask  water  is  boiled  for  some  time,  until  it  may  be  assumed 
that  all  the  air  is  expelled  by  the  steam.  The  flask  is  then 
quickly  removed  from  the  source  of  heat,  closed  by  a  cork,  and 
placed  in  an  inverted  position  upon  a  suitable  support.  If  now 
the  bottom  of  the  flask  be  cooled  by  pouring  upon  it  some  cold 
water,  the  water  within  the  flask  will  begin  to  boil  again.  The 
cause  of  this  is  the  condensation  of  a  portion  of  the  steam  above 
the  surface  of  the  water  in  the  flask,  and  a  consequent  rapid 
diminution  of  the  pressure  ;  the  boiling  point  of  the  water  is 
thus  lowered,  and  ebullition  takes  place  under  the  diminished 
pressure  at  a  temperature  below  100°. 

A  most  important  and  useful  application  of  the  principle, 
that  under  feeble  pressures  evaporation  proceeds  at  an  in- 
creased rate,  has  been  made  in  the  use  of  the  'air-pump  for 
concentrating  solutions,  which  either  cannot  bear  a  high  degree 
of  heat  without  becoming  decomposed  or  suffering  deterioration, 
or  which  can  be  more  cheaply  evaporated  in  an  exhausted 
space.  Thus  in  the  manufacture  of  sugar  the  syrup  is  endosed 
in  an  air-tight  vessel  which  is  exhausted  by  a  steam-engine. 
The  evaporation  consequently  goes  on  at  a  lower  temperature, 
which  secures  the  syriip  from  injury.  The  same  method  is 
employed  in  evaporating  the  juice  of  certain  plants  used  in 
preparing  medicinal  extracts. 

The  influence  of  pressure  on  ebullition  may  be  further 
illustrated  by  means  of  the  apparatus  usually  called  a  ptihe" 
hammer.  It  consists  of  two  glass  bulbs,  joined  by  a  tube  of 
smaller  dimensions,  very  similar  to  the  bulbs  a  and  b  and  the 
tube  joining  them,  represented  in  ^.  17,  page  32.  The  ap- 
paratus is  partly  filled  with  coloured  spirit  of  wine,  which  has 
been  boiled  in  it  so  as  to  expel  the  air  through  a  small  aperture 
which  was  closed  after  the  air  had  been  expelled  ;  there  is  then 
a  vacuum  in  the  apparatus,  or  rather  a  pressure  due  to  the 
tension  of  vapour  of  alcohol  at  the  ordinary  temperature,  which 
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is  under  these  circumstances  very  small.  Consequently  if  the 
instrument  is  held  with  the  bulbs  upwards,  in  a  horizontal 
position,  and  one  of  the  bulbs  placed  in  the  hand,  the  heat  of 
the  hand  is  sufficient  to  produce  incipient  ebullition  and  a 
tension  which  drives  the  liquid  into  the  other  bulb,  and,  as  the 
ebullition  of  the  liquid  is  not  retarded  by  any  appreciable  super- 
incumbent  pressure,  it  boils  briskly. 

177.  Influence  of  altlta^e- — It  is  well  known  that,  as  we 
ascend  in  the  atmosphere,  the  pressure  is  diminished  in  conse- 
quence of  the  quantity  of  air  we  leave  below  us,  and  that,  con- 
sequently, the  barometer  falls.  It  follows,  therefore,  that  at 
stations  at  different  heights  in  the  atmosphere,  water  will  boil 
at  different  temperatures ;  and  that  the  boiling  point  at  any 
given  place  must  therefore  depend  on  the  elevation  of  that  place 
above  the  surface  of  the  sea.  Hence  the  boiling  point  of  water 
becomes  an  indication  of  the  height  of  the  station,  or,  in  other 
words,  an  indication  of  the  atmospheric  pressure,  and  thus  the 
thermometer  serves  in  some  degree  the  purposes  of  a  barometer. 

In  the  following  table  the  various  temperatures,  on  Fahren- 
heit's scale,  are  shown  at  which  the  water  boils  in  the  different 
places  therein  indicated  : — 

Table  of  the  Boiling  Points  of  Water  at  different  Elevations 

above  the  Level  of  the  Sea. 


Names  of  Places 


Farm  of  Antisana 

Town  of  Micuipampa  (Peru) 

Quito         .... 

Town  of  Caxamarca  (Peru) 

Santa  F^  de  Bogota  .        . 

Cuen9a  (Quito)  . 

Mexico      .... 

Hospice  of  St.  Gothard 

St.  Veran  (Maritime  Alps) 

Breuil  (Valley  of  Mont  Oervin) 

Mauri  n  (Lower  Alps) 

St.  E^mi    . 

Heas  (Pyrenees) 

Ghavanne  (Pyrenees)  . 

Brian9on   . 

Bareges  (Pyrenees)    . 

Palace  of  San  Ildefonso  (Spain) 

Baths  of  Mont  d'Or  (Auvergne) 

Pontarlier         .        •        • 


Above 

Level  of 

Sea 


Feet. 

13455 
1 1870 

9541 

9384 

8731 
8639 

7471 
6808 

6693 

6585 
6240 
5265 
4807 

4738 
4285 

4164 

3790 

3412 
2717 


Mean 
Height  of 
Barometer 


Inches. 

17-87 

1 9  02 

2075 

20-91 

21-42 

21-50 

22-52 

23-07 

23-15 

23-27 

23-58 

24*45 
24-88 

24-96 

25-39 
25-51 

25-87 

26*26 

26-97 


Thermo- 
meter 


Degrees. 

187-3 
190-2 

194-2 

194-5 
1956 

1958 

198-I 

199-2 

199-4 

199-6 

200-3 

202-1 

202 -8 
203-0 
203-9 
204-1 
204-8 
205-7 
2068 
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Madrid  .... 
iDDBpruck .... 
Mnnioh     .... 

LRUSHiQIie   .... 

Augsburg  .... 
Salzbnrg    .... 
Nenfcbillel 
PlombiJreB 

Clprmont-Ftrrnnrl  (Pr^foc(ure) 
Gens™  and  Friburg  . 
Ulm  .... 

ILitiabQn  .... 
M.jacow  .... 
Gotha  .... 
Turin  .... 
Dyon  .... 
Prague  .... 
:U4con  (Sadna)  . 
IjoDB  (Hhon^)  . 

Oottingan  .... 
Vienna  (Danube) 
Milan  (Botacic  Gnrdun)     . 
Bologna     .         ,         .         , 

Dreedcn     .... 
Pttiis  (Eoyal  ObBerratory,  firs.t 
Rome  (Capitol) . 


It  follows  from  this  connection  between  the  boiling  point  of 
water  and  the  pressure  that  the  heights  of  monntaiiiB  may  be 
determined  by  observations  made  with  the  thermometer  instead 
of  with  the  barometer.  Thus,  let  us  suppose  that  water  is 
boiled  in  a  vessel  at  the  foot  of  a  mountain  and  also  on  its 
summit,  and  that  the  tem.perature  of  the  boiling  point  is  found 
to  be  t  degreas  at  the  base,  and  t'  degrees  at  the  highest  point 
of  the  mDuntain.  We  know  that  the  tension  of  the  vapour  of 
a  boiling  liquid  is  equal  to  the  preasui«  upon  the  liquid  ;  that 
is,  to  the  pressure  of  the  atmosphere  in  these  cases  ;  but  the 
tension  of  the  vapour,  corresponding  to  the  two  temperatures  ( 
and  t',  has  been  experimentally  determined,  and  may  be  taken 
from  Table  I.,  page  167.     Accordingly  the  tensions  correspond- 
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BarainiMr 

^ 

199s 

1772 

ISW 

27  87 

20S-4 

176s 

37 '95 

1663 

2808 

208-9 

issa 

2819 

■4B3 

Z8-27 

209-1 

\% 

zS-,i 

28-39 

'348 

^S-43 

209-3 

28-54 

209-5 

28- S  8 

ti\ 

984 

935 

7SS 
712 

29-06 

VSi 

S87 

29 '25 

2107 

210-9 

532 

29 '33 

2io'g 

iTil 

210-9 

440 

29-41 

436 

29-41 

410 

29-45 

29-49 

305 

29-57 

211-3 

2M-6 

'3' 

2976 

211-6 
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ing  to  these  two  temperatures  represent  the  atmospheric  pres- 
sures at  the  two  places  ;  that  is,  the  heights  of  the  barometer  at 
the  two  localities  ;  and  from  these  the  height  of  the  mountain 
may  be  calculated  in  the  manner  shown  in  the  treatise  on 
Hydrostatics  in  this  series,  page  147. 

Roughly  speaking,  an  ascent  of  about  i  ,080  feet  lowers  the 
boiling  point  of  water  by  1°  C. 

Special  instruments  are  usually  constructed  for  determining 
heights  by  the  thermometer  ;  they  are  called  hypsometers  or" 
thermo-barometers.  WoUaston  was  the  first  to  construct  a 
thermo-barometer.  The  scale  of  his  instrument  extended  only 
through  three  degrees,  but  each  degree  had  a  length  of  five 
centimetres.  Regnault's  hypsometer  consists  of  a  little  boiler 
heated  by  a  spirit  lamp,  and  terminating  in  a  telescope  tube 
with  an  opening  at  the  side  through  which  the  steam  escapes. 
A  thermometer  dips  into  the  steam  and  projects  through  the 
top  of  the  tube  so  as  to  allow  the  temperature  of  ebullition  to 
be  read.  This  temperature,  as  already  explained,  gives  at  once 
the  atmospheric  pressure  by  reference  to  a  table  of  vapour 
tensions,  and  the  subsequent  computations  for  determining  the 
difference  in  altitude  of  two  stations  are  the  same  as  when  a 
barometer  is  employed.  For  obtaining  an  approximate  result, 
or  where  no  great  accuracy  is  required,  it  may  be  assumed  that 
the  height  above  the  level  of  the  sea  is  proportional  to  the 
difference  of  the  observed  boiling  point  at  the  higher  station 
and  100°.  In  this  case  the  height  may  be  calculated  from  the 
formula — 

Height  in  metres  — 2%  (ioo~<)  ; 
Or, 

Height  in  feet  =  538  (212-^)  ; 

■where  t  is  the  observed  temperature  of  the  boiling  point  in 
centigrade,  and  ^  in  Fahrenheit's  degrees. 

Thus  the  boiling  point  in  Quito  (see  preceding  table)  was 
found  to  be  195  •°8,  and  its  elevation  of  the  sea  level  is  8,639 
feet.     By  the  formula  just  given  we  obtain — 

Height  =  538  (2i2-i95-8)  =  8,7i6  feet, 

which  is  a  comparatively  close  approximation  to  the  actual 
altitude. 

178. — Kaws  of  SbaUltlon. — From  the  preceding  experi- 
mental facts  the  following  general  laws  may  be  deduced,  which 
regulate  the  physical  phenomena  accompanying  ebullition. 

1.  At  the  ordinary  pressure  of  the  atmosphere  ebullition  com- 
mences for  each  liquid  at  a  definite  temperature,  which  for  the 
same  liquid  increases  as  the  pressure  increases. 
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II.  Under  ordinary  circumdcmces  the  temperature  during 
ebuUition  remains  consta/nt  if  the  pressu/re  remains  the  sams. 

in.  The  tension  of  the  vapour  given  off  during  ebullition  is 
equal  to  the  pressure  upo7i  the  liquid. 

It  follows  at  once  from  the  first  of  these  laws,  which  is 
analogous  to  the  first  law  of  fusion  (art.  120,  page  129),  that  the 
boiling  point  of  a  liquid,  if  once  determined  at  a  definite  pres- 
sure, constitutes  a  special  physical  characteristic  of  the  sub- 
stance which  enables  us  to  recognise  it  and  to  distinguish  it  from 
other  bodies. 

In  the  following  table  the  temperature  of  the  boiling  point  is 
that  temperature  at  which  the  tension  of  the  vapour  formed 
during  ebullition  is  equal  to  the  normal  atmospheric  pressure  of 
760  millimetres. 

Table  of  BoUing  Points, 


Substance 

Temperature  of 
Boiling  Point 

Obseryer 

Carbonic  acid 

-82-0 

Faraday 

Sulphurous  acid 

-lO-o 

BuRsy 

Ethylic  chloride 

+  Ii-o 

Th^nard 

Ethylic  nitrate 

21 -o 

Dumas 

Aldehyde 

20-8 

Kopp 

Hydrocyanic  acid    . 

26-5 

Gay-Lussac 

Ether     . 

34*9 

Kopp 

Methylic  sulphide  . 

41-0 

Regnault 

Bisulphide  of  carbon 

46-8 

Marx 

Bromine 

59-6 

Mitscherlich 

Carbon  chloride 

6o-8 

Liebig 

Chloroform     . 

62-0 

)> 

Methyl  alcohol 

65-5 

Kopp 

Nitric  acid 

66*o 

Dumas 

Ethylic  oxide 

73-0 

Regnault 

Common  alcohol     . 

78-4 

Kopp 

Benzene 

80-4 

>> 

Chloral  . 

94*o 

Dumas 
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Table  of  BoUmg  Points — continued. 


Substance 

Temperature  of 
BoiUng  Point 

Observer 

Water  (distilled)     . 

Formic  acid    . 

Acetic  add     . 

Potassium  chloride 

Tin  chloride  . 

Valerianic  acid 

Butyric  acid  . 

Amylen  ^        .        .        , 

Turpentine     . 

Iodine    .... 

Oxalic  ether  . 

Naphthaline  . 

Benzoic  acid  . 

Petroleum 

Common  sulphuric  acid  , 

Phosphorus    . 

Sulphur 

Linseed  oil 

Strong  sulphuric  acid 

Mercury 

Cadmium 

Zinc 

loo-o 
loo-o 
117-3 

I20X> 
120-0 
I32X> 
157-0 
160-0 
160-0 
175-0 
184-0 
212-0 
245-0 
280-0 
288-0 
290-0 
316-0 
'316-0 
325*0 
350-0 

86o-o 
1040-0 

Dniiias 
Kopp 

Regnault 

Dumas 

Otto 

Kopp 

Cahours 

Dumas 

Mitscherlich 
Boussingault 
Davy 
Mitscherlich 

Murray 

Dulong 

179.  Causes  wblcb  modify  the  temperature  of  the  boll- 
Ingr  point. — The  boiling  point  of  a  liquid  is  influenced  by 
several  other  causes  independent  of  the  pressure.  The  prin- 
cipal of  these  causes  are  :  the  nature  and  quality  of  substances 
dissolved  in  the  liquid,  and  the  nature  of  the  vessel  in  which 
the  ebullition  takes  place. 

The  boiling  point  is  not  influenced  by  substances  which  are 
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only  mechanically  suspended  in  the  liquid.  But  if  any  sub- 
stance is  chemically  dissolved  in  a  liquid,  the  boiling  point  of  the 
solution  is  in  general  raised.  Thus  the  addition  of  any  soluble 
salt  raises  the  boiling  point  of  water.  The  vapour,  however, 
which  rises  from  such  solutions  consists  of  pure  water,  and  its 
temperature  corresponds  to  that  of  the  boiling  point  of  pure 
water. 

Legra/nd  has  made  experiments  on  the  temperature  of  the 
boiling  point  of  saturated  aqueous  solutions  of  various  salts,  the 
results  of  which  are  given  in  the  following  table  : — 


Quantity  of  Salt 

Name  of  Salt  dissolved. 

Boiling  Point 

which  satu- 
rates 100  Parts 
of  Water 

Potassium  chlorate  . 

104*2 

Parts 
61-5 

Bariuin  chloride 

104-4 

60-1 

Sodium  carbonate     . 

104-6 

48-5 

Sodium  phosphate    . 

io6*5 

113*2 

Potassium  chloride  . 

108-3 

59-1 

Sodium  chloride 

108-4 

41-2 

Ammonium  chloride 

1 14-2 

88-9 

Neutral  potassium  tartrate 

114-67 

269-2 

Potassium  nitrate     . 

115*9 

335*1 

Strontium  chloride  . 

1 17-6 

1 17-5 

Sodium  nitrate 

1210 

224-8 

Sodium  acetate 

124-37 

209-0 

Potassium  carbonate 

133*0 

205-0 

Calcium  nitrate 

151-0 

362-2 

Potassium  acetate     . 

169-0 

798-2 

Calcium  chloride 

179-5 

325-2 

Legrand  has  further  determined  the  quantity  of  various 
salts,  which  must  be  added  to  100  parts  of  water,  so  that  the 
boiling  point  may  be  raised  by  i,  2,  &c.,  degrees.  The  follow- 
ing are  the  principal  results  : — 
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In  general  we  may  derive  the  following  facts  from  the  pre- 
ceding tables  :  First,  the  ebullition  of  water  is  the  more  re- 
tarded the  greater  the  quantity  of  the  dissolved  substance  ; 
second,  each  dissolved  substance  differs  in  its  effect  from  every 
other  substance  that  may  be  dissolved  in  the  same  liquid. 

Analogous  results  are  obtained  with  respect  to  the  boiling 
point  of  water  which  contains  acids  in  solution.  With  liquid 
mixtures  we  have  the  following  facts  experimentally  ascertained. 
If  two  liquids  are  placed  together  in  a  vessel  and  boiled,  we 
must  distinguish  the  two  cases,  when  the  liquids  physically 
intermix  with  one  another  or  not.  In  the  latter  case,  when  the 
more  volatile  liquid  is  on  the  top  of  the  less  volatile,  the  upper 
liquid  will  begin  to  boil  at  its  own  boiling  point.  But  if  the 
more  volatile  liquid  is  the  heavier  of  the  two  and  thus  remains 
below,  the  remarkable  fact  is  observed  that  the  more  volatile 
liquid  begins  to  boil  at  a  lower  temperature  than  its  ordinary 
boiling  point.  If,  for  example,  a  quantity  of  carbon  disulphide 
be  heated  in  a  flask,  in  a  water  bath,  to  a  temperature  of  43'° Si 
and  then  poured  into  the  water  in  the  bath,  a  brisk  ebullition 
of  the  carbon  disulphide  will  be  observed,  although  its  ordinary 
boiling  point  is  46*^8.  It  appears  that  in  this  case  the  tension 
of  the  carbon  disulphide  vapour  at  43 '^S  being  696  millimetres, 
and  that  of  aqueous  vapour  at  the  same  temperature  64  milli- 
metres, the  tension  of  both  together  is  760  millimetres,  and 
that  for  the  ebullition  of  the  more  volatile  liquid  it  is  sufficient 
that  the  combined  tension  of  both  vapours  be  equal  to  that  of  the 
atmosphere. 

If  the  liquids  are  capable  of  forming  a  physical  mixture 
when  brought  together,  then  the  boiling  point,  as  well  as  the 
tension  of  the  vapour  formed,  depends  on  the  ratio  of  the  two 
liquids,  and  may  not  only  vary  between  the  lower  boiling  point 
and  the  higher  one,  but  may  even  exceed  the  latter.  But  here 
also  the  ratio  of  the  pressure  under  which  ebullition  com- 
mences bears  a  nearly  constant  ratio  to  the  sum  of  the  two 
pressures  corresponding  to  the  boiling  points  of  each  liquid  con- 
tained in  the  mixture. 

180.  Radbergr's  law. — Rudberg  has  established  a  remark- 
able law  with  reference  to  the  influence  of  substances  in 
solution  upon  the  temperature  of  the  boiling  point.  It  may  be 
enimciated  thus  :  WJiatever  may  be  tJie  temperature  of  the  boiling 
solution,  the  temperature  of  the  aqueous  vapour  generated  by  the 
liquid  is  always  equal  to  the  temperature  of  the  aqueous  vapour 
which  would  be  generated  by  pure  water  boiling  under  the  same 
pressure.    Under  a  pressure  of  760  millimetres  the  temperature 
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of  the  aqueous  vapour,  which  riaes  from  a  saline  solution  boiling 
at  a  considerably  higher  temperature,  is  thus  not  higher  than 
100°.  Begnault  caused  a  solution  of  calcium  chloride  to  boil  in 
an  artificial  atmosphere,  of  which  the  pressure  was  made  to 
change  from  82*52  to  3,122*69  millimetres.  The  temperature 
of  the  boiling  solution  rose  under  these  circumstances  from 
52°'oto  I47*°9i,  while  the  temperature  of  the  issuing  vapour 
rose  from  47°*84  to  145'' '57  ;  very  nearly  the  same  as  if  the 
liquid  had  been  pure  water,  in  which  case  the  two  latter  tempe- 
ratures were  foimd  to  be  47**84  and  i45°*o  at  the  two  pressures 
mentioned. 

Kegnault  saw  the  explanation  of  this  behaviour  of  the  vapour 
in  the  condensation  which  takes  place  upon  the  stem  of  the 
thermometer.  Since  pure  water  is  deposited  upon  the  stem, 
the  vapour  surroimding  it  being  the  source  of  the  condensed 
water,  the  temperature  of  the  vapour  cannot  well  exceed  that  of 
the  condensed  water.  Although  the  bubbles  of  vapour  are  at 
a  higher  temperature  as  long  as  they  are  within  the  liquid  and 
therefore  in  a  non-saturated  (superheated)  and  expanded  state, 
they  rapidly  alter  when  out  of  the  liquid  and  their  temperature 
falls  to  100°.  Regnault,  Magnus,  and  Wtillner  have  finally  ex- 
pressed the  general  opinions  from  their  experiments,  that  no 
conclusion  with  reference  to  the  temperature  of  the  surrounding 
vapour  can  be  drawn  from  the  indications  of  the  thermometer. 

Mag^vus  has  demonstrated  by  direct  experiment  that  the 
aqueous  vapom*  given  off  by  a  boiling  saline  solution  leaves  the 
liquid  with  the  tempera- 
ture of  the  latter,  and  is 
therefore  in  a  non-satu- 
rated (superheated)  state. 
The  apparatus,  of  which 
fig.  64  shows  a  section,  had 
an  interior  vessel,  a  ;  into 
the  liquid  contained  in  a  a 
thermometer  a  was  intro- 
duced, and  the  tempera- 
ture of  the  boiling  liquid 
could  thus  easily  be  read. 
The  vapour  generated  in  a 
passed  through  the  open- 
ing a  into  a  tube  b,  which 
contained  athermometer  6.  The  temperature  of  the  vapour  when 
it  arrived  in  the  vessel  b  could  thus  also  be  read  externally.  The 
whole  was  surrounded  by  another  vessel  c,  which  acted  like  the 
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jacket  A  in  Jig.  4,  page  14,  protecting  the  interior  by  a  layer  of 
steam  from  contact  with  the  external  air,  and  permitting  at  the 
same  time  free  egress  to  the  steam.  The  steam  passed  from  b  to 
c  through  ^,  and  rapid  cooling  was  thus  entirely  prevented. 
The  following  temperatures  were  observed  with  a  and  b  : — 


a 

b 

a  'b 

Chloride  of  calcium 
Nitrate  of  potassium    . 
Nitrate  of  sodium 

0 
107*0 

116*0 

107*7 
117*0 

107*6 
1 160 

0 
105*25 

111*2 
105*2 

III'O 

106*2 
1 08 -7 

0 
1*75 

4-8 

2*5 
60 

1*4 
7-3 

There  is  thus  a  gradual  transition  from  the  temperature  of 
the  boiling  saline  liquid  to  a  temperature  nearer  to  the  boiling 
point  of  pure  water. 

181.  Babo's  and  TXruUner's  experiments.— The  high  boil- 
ing point  of  saline  solutions  is  most  probably  a  consequence  of 
the  attraction  between  the  liquid  and  the  saline  particles  dis- 
solved in  it ;  an  attraction  which  is  frequently  observed  even  at 
ordinary  temperatures  in  many  saline  substances  which  absorb 
moisture  very  freely.  Connected  with  this  phenomenon  is 
further  the  fact,  that  the  elastic  force  of  the  vapour  given  off  by 
saline  solutions  is  always  less  than  the  tension  of  vapour  given 
off  by  pure  water  under  circumstances  which  are  in  all  other 
respects  precisely  the  same. 

Gay-Lussac  had  already  shown  that  the  tension  of  the  vapour 
given  off  by  a  solution  of  common  salt  (sodic  chloride)  diminished 
when  the  solution  was  made  stronger  ;  that  is,  when  its  density 
increased. 

Thus  he  found  the  following  corresponding  vapour  tensions 
and  densities : — 


Density  of  Solution. 


Vapour  Tension. 


I'OOO 

1*096 
1*063 
1*205 


1*000 
0*906 
0*823 

0753 
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Babo  instituted  on  the  subject  a  series  of  systematic  experi- 
ments by  using  vapour  barometers,  which  vaporised  above  the 
mercurial  column  saline  solutions  of  various  strengths,  and 
which  permitted  the  measurement  of  the  vapour  tensions  at 
diflferent  temperatures.  For  a  solution  of  chloride  of  calcium, 
for  example,  of  which  the  boiling  point  was  1 10°,  he  found  the 
results  stated  in  the  following  table,  which  gives  the  tempera- 
ture in  the  first  column  ;  the  corresponding  tension  of  the  vapour 
given  off  by  the  saline  solution  in  the  second  column  ;  the  tension 
of  vapour  given  off  by  pure  water  at  the  same  temperature  in 
the  third  ;  and,  finally,  in  the  fourth  column  the  quotient  ob- 
tained by  dividing  the  values  in  the  second  column  by  the  corre- 
sponding one  in  the  third. 


Temperature 


o 
19  C. 

35 
59 
65 
78 


Tension  of  Vapours  formed 


Above  Chloride 
of  Calcium 


Millimetres 
90 
26-8 
92-8 

121*6 
2I2-0 


Above  Water 


Millimetres 

16-3  ' 

41-8 

141-8 

186-6 

326-8 


Quotient 


0-5S 

0-641 

0-654 

0-652 

0-645 

Mean  :  0-648 


It  appears  from  this,  and  generally  from  the  whole  of  the 
experiments,  that  the  quotients  thus  obtained  are  very  nearly 
(except  the  first  in  the  above  table)  equal  to  one  another,  and 
that  the  tension  of  vapour  given  off  by  a  saline  solution  bears  a 
constant  ratio  to  the  tension  of  the  vapour  given  off  at  the  same 
temperature  by  pure  water.  These  ratios  were,  however,  found 
to  differ  with  each  particular  substance  in  solution,  and  also  with 
the  quantity  of  the  dissolved  salt. 

Wiillner  experimented  on  a  number  of  saline  solutions  with 
the  following  result.  If  T  denotes  the  tension  of  vapour  formed 
by  a  saline  solution  at  a  certain  temperature,  and  T^  the 
corresponding  tension  of  the  vapour  formed  by  pure  water,  then 
T  is  less  than  T^  by  a  quantity  which  is  nearly  proportional  to 
T^,  to  the  quantity  of  salt  contained  in  the  liquid  {n  parts  of 
salt  in  100  parts  of  water),  and  to  a  co-efficient  a  which  depends 
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on  the  nature  of  the  substance.     His  results  may  be  more  accu- 
rately expressed  by  the  formula  : — 

T  =  T^(i  -  an  -  ^nTw), 

in  which  the  co-efficients  a  and  ^  are  the  following  for  the  sub- 
stances named  : — 


Substance 

a 

/3 

Chloride  of  sodium 
Sulphate  of  sodium 
Nitrate  of  sodium 
Chloride  of  potassium 
Sulphate  of  potassium  , 
Nitrate  of  potassium 
Cane  sugar    . 
Sulphuric  acid 

o*oo6oi 
0*00236 
0*00315 
000390 
0*00383 
0*00196 
0*00074 
0*03761 

+  0*000000907 
+  0*000000538 
-0*00000190 
+  0*00000108 
—0*00000012 

If  two  salts  are  contained  in  a  solution,  and  their  quantities 
are  in  a  definite  proportion,  the  diminution  of  vapour  tension 
will  also  increase  with  the  total  quantity  of  the  solid  salts 
present ;  but  the  decrease  is  entirely  depending  on  the  ratio  of 
the  quantities  and  does  not  correspond  with  the  sum  of  the 
individual  effects  of  each  substance. 

Sulphuric  anhydride  acts  in  this  respect  like  any  soluble  salt. 
Regnault  mixed  one  equivalent  of  the  anhydride  (SO3  =  80)  with 
varying  equivalents  of  water  (HgO  =  18),  and  found  the  following 
ratios  of  the  vapour  tensions,  the  tensions  being  denoted  as 
above : — 


Sulphuric  Anhydride 

Water 

Ratio  --— 
Tw 

(Eqaivalents) 

(Equivalents) 

infin. 

1*00 

18 

0*84 

12 

0*70 

10 

063 

8 

0*49 

6 

0-33 

5 

0*21 

4 

0*13 

3 

0*06 

2 

o*oo 
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Thus  a  mixture  of  one  equivalent  of  the  anhydride  with  two 
of  water  bears  no  pressure  of  vapour.  Salts  with  great  aflinity 
for  water  behave  similarly,  and  substances  of  this  kind,  like 
chloride  of  calcium,  are  employed  for  the  purpose  of  drying 
gases,  either  by  introducing  them  into  the  space  containing  the 
gas,  or  by  placing  them  into  tubes  through  which  the  gas  to  be 
dried  is  made  to  flow. 

182.  The  temperature  of  tbe  boilinir  liquid. — Znflnence 
of  vessel. — A  liquid  which  is  contained  in  an  open  vessel  is,  as 
is  well  known,  by  the  combined  application  of  heat  gradually 
changed  into  vapour,  which  is  dissipated  in  the  surrounding 
atmosphere.  At  first  this  action  is  confined  to  the  surface,  but 
after  some  time  bubbles  of  vapour  are  formed  in  the  interior  of 
the  liquid ;  these  rise  to  the  top,  and  set  the  whole  mass  in 
motion,  with  more  or  less  vehemence,  accompanied  by  a  charac- 
teristic noise.  This  is  essentially  in  what  ebullition  or  boiling 
consists.  If  the  gradual  progress  of  this  phenomenon  be  ob- 
served— for  example,  if  water  be  boiled  in  a  glass  flask — it  will 
be  seen  that  at  a  certain  time  after  the  commencement  of  the 
experiment  minute  bubbles  make  their  appearance ;  these  are 
bubbles  of  air,  which  was  dissolved  in  the  water.  Next,  larger 
bubbles  are  formed  at  the  bottom  of  the  vessel,  and  at  those 
parts  of  the  sides  which  are  most  immediately  exposed  to  the 
action  of  the  fire.  These  bubbles  ascend,  decrease  in  volume  as 
they  rise,  and  disappear  before  reaching  the  surface.  This  stage 
is  accompanied  by  a  characteristic  sound,  called  the  smgmg  of 
the  liquid.  The  sound  is  most  probably  produced  by  the  col- 
lapsing of  the  bubbles  as  they  are  condensed  by  the  colder  water 
through  which  they  pass.  Finally,  the  bubbles  increase  in 
number,  growing  also  larger  as  they  ascend,  until  they  burst  at 
the  surface,  which  is  thus  kept  in  a  state  of  agitation.  The 
liquid  is  then  said  to  boil. 

Although  the  temperature  of  the  vapour  thus  formed  while 
the'  liquid  boils,  provided  its  cooling  be  prevented,  is  always 
constant,  and  corresponds  to  that  of  saturated  vapour  at  that 
particular  pressure  at  which  the  liquid  is  boiled  ;  yet  experience 
shows  that  the  temperature  of  the  liquid  itself  is  by  no  means 
constant,  but  is  subject  to  variations  which  may  amount  to 
several  degrees.  In  the  beginning  the  lower  portions  of  the 
liquid,  that  is,  those  nearer  to  the  source  of  heat,  are  hotter 
than  those  above  them.  This  is  clearly  shown  by  the  condensa- 
tion of  the  bubbles  of  vapour  formed  at  the  bottom  when  they 
reach  the  upper  layers.  Moreover,  in  order  to  produce  a  bubble 
of  vapour  in  the  interior  of  the  liquid,  the  heat  applied  has  not 
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only  to  oyercome  the  external  pressnre,  but  also  the  cohesion  of 
the  liquid  particles,  and  at  the  sides  of  the  vessel  also  the  ad- 
hesion between  the  liquid  and  the  walL  But  while  in  the 
interior  of  the  liquid  the  molecular  forces  act  equally  all  round, 
this  is  not  the  case  at  the  points  where  liquid  and  vessel  are  in 
contact ;  here  the  temperature  is  ^also  somewhat  higher  than  in 
the  interior,  hence  the  formation  of  bubbles  takes  place  princi- 
pally upon  the  walls.  Metal  vessels  transmit  the  effect  of  heat 
with  considerable  ease,  hence  liquids  boil  at  a  lower  temperature 
in  metal  vessels  than  in  those  made  of  china  or  glass,  although 
the  difference  amounts  to  not  more  than  i°  or  1^*5. 

6ay-Lussac  was  the  first  to  make  accurate  observations  on 
this  point.  He  found  that  whatever  the  form  or  size  of  a  metal 
vessel,  water  boiled  in  it  at  100°,  while  in  a  clean  glass  vessel 
the  thermometer  showed  the  temperature  of  boiling  water  as 
ioi°'23.  If  powdered  glass  was  thrown  into  the  glass  vessel, 
the  temperature  of  the  boiling  liquid  was  100° '2 3,  but  if  metal 
filings  were  thrown  in,  the  thermometer  indicated  100°.  Munke 
and  Rudberg  confirmed  these  facts.  The  latter  found  the 
temperature  of  boiling  water  in  an  iron  vessel  i°*3  lower  than 
in  a  glass  vessel,  and  Munke  found  that  in  vessels  of  different 
metals,  and  also  in  different  glass  vessels,  the  temperatures  were 
different.  Ma/rcet  made  afterwards  more  precise  experiments, 
and  found  that  the  temperature  of  a  boiling  liquid  varies  very 
appreciably  in  different  vessels,  according  to  the  degree  of 
adhesion  of  the  liquid  and  the  substance  of  the  vessel.  The 
greater  this  adhesion  the  higher  is  the  temperature  of  the 
boiling  liquid.  Marcet  covered  the  interior  of  a  glass  flask,  in 
which  the  temperature  of  boiling  water  was  101° '2,  with  a  thin 
film  of  sulphur,  thus  diminishing  the  adhesion  ;  the  tempera- 
ture of  the  liquid  boiling  in  the  flask  was  now  found  99° '85. 
Another  vessel,  in  which  water  boiled  ordinarily  at  101°,  was 
carefully  cleaned  inside  with  concentrated  sulphuric  acid,  and 
rinsed  with  hot  water  until  no  trace  of  the  acid  was  left  within. 
Pure  distilled  water  boiling  in  this  flask  had  a  temperature 
of  between  105°  and  106°  The  same  result  was  obtained  by 
treating  another  flask  in  the  same  manner  with  caustic  potash. 
The  temperature  of  the  boiling  water  was  raised  to  103°.  Now 
as  the  effect  of  the  acid  and  the  potash  is  to  clean  the  glass 
thoroughly,  and  the  adhesion  between  water  and  clean  glass  is 
greater  than  that  between  water  and  glass  which  is  not  quite 
clean,  the  temperature  of  the  boiling  liquid  was  in  both  cases 
raised  by  increasing  the  adhesion.  Marcet  found  the  same 
result  with  other  liquids.     Thus  alcohol  of  specific  gravity 
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o*8oi,  boiled  in  a  metal  vessel,  had  a  temperature  of  78°.  5,  but 
when  boiled  in  a  glass  flask  the  temperature  was  79° '2. 

183.  Znfluenoe  of  di««olved  air. — Donny  was  the  first  to 
show  that  water  may  be  heated  in  clean  glass  vessels  far  beyond 
the  ordinary  boiling  point,  if  previously  care  be  taken  to  expel 
the  dissolved  air  as  much  as  possible.  He  took  a  glass  tube, 
bent  twice  and  terminated  at  one  of  its  extremities  by  a  series 
of  bulbs.  In  order  to  remove  the  solid  particles  adhering  to  the 
sides  which  always  detain  portions  of  air,  the  tube  is  carefully 
washed  out  with  alcohol  and  ether,  and  afterwards  with  dilute 
sulphuric  acid.  Water  is  then  introduced  and  boiled  long 
enough  to  expel  the  air  dissolved  in  it,  and  while  ebullition  is 
proceeding  the  end  of  the  apparatus  is  hermetically  sealed. 
The  other  extremity  is  now  plunged  in  a  strong  solution  of 
chloride  of  calcium,  which  has  a  very  high  boiling  point,  and 
the  tube  is  so  placed  that  all  the  water  shall  lie  in  this  ex- 
tremity ;  it  will  then  be  found  that  the  temperature  may  be 
raised  to  135°  without  producing  ebullition.  At  about  this 
temperature  bubbles  of  steam  are  seen  to  be  formed,  and  the 
entire  liquid  mass  is  thrown  forward  with  great  violence.  The 
bulbs  at  the  end  of  the  tube  are  intended  to  diminish  the  shock 
thus  produced. 

That  water  freed  from  dissolved  air  may  be  heated  to  a 
temperature  far  higher  than  the  ordinary  boiling  point — and  the 
higher  above  it  the  more  the  absorbed  air  has  been  removed — 
has  afterwards  been  proved  by  the  more  extended  experiments 
of  Dufov/r.  In  one  series  of  experiments  Dufour  took  ad- 
vantage of  the  principle  that  the  boiling  point  of  water  is 
lowered  by  a  diminution  of  pressure,  and  that  to  a  definite 
pressure  corresponds  at  the  same  time  a  definite  boiling  point. 
Accordingly  if  a  vessel  containing  water  at  100°  be  placed  under 
the  receiver  of  an  air-pump  and  the  air  partly  exhausted,  the 
pressure  will  be  diminished,  and  boiling  will  recommence  at 
some  temperature  below  100°,  to  which  the  water  has  in  the 
mean  time  cooled.  But  the  lower  temperature  and  the  lower 
pressure  are  intimately  connected,  so  that  when  a  certain 
amount  of  air  is  left  in  the  receiver,  and  the  cooling  proceeds  to 
a  definite  temperature,  the  boiling  will  cease  at  that  tempera- 
ture. If  a  further  amount  of  air  is  removed,  boiling  will  begin 
again  when  a  certain  lower  pressure  is  reached,  and  so  on.  In 
fig,  65  A  is  a  flask  in  which  water  is  made  to  boil,  and  the 
thermometer  a  indicates  the  temperature.  The  flask  a  is  con- 
nected with  a  condensing  vessel  B  by  the  tube  6,  and  finally 
with  the  air-pump  by  the  tube  p.     A  gs^uge  in  the  receiver  of 
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the  air-pomp  indicates  the  pressure  on  the  boiling  liquid.  Now 
Dufour  found  that  after  the  water  in  a  has  been  made  to  boil 

several  times  with  the  help 
of  the  air-pump  and  the 
lamp,  and  the  air  has  been 
in  this  manner  more  and 
more  removed,  the  water 
would  not  again  boil  at  a 
given  temperature  at  that 
pressure  at  which  it  would 
boil  under  ordinary  circum- 
stances, the  temperature 
being  the  same,  but  that 
either  the  pressure  had  to  be 
diminished  or  the  water  in  A 
^^'  ^5.  heated  in  order  that  ebuUi- 

tion  should  begin  again.  This  will  appear  more  clearly  from  the 
following  table,  in  which  the  columns  are  headed  by  letters 
which  have  the  following  meaning  : — 

t  is  the  temperature  at  which  the  water  actually  boiled. 


Pi 


pressure  under  which  the  water  should  have  boiled 

at  the  temperature  t. 
pressure  actually  observed  when  boiling  commenced, 
temperature  at  which  the  water  should  have  boiled 
under  the  pressure  p. 
In  the  last  column,  headed  t  —  ti,  the  number  of  degrees  are 
given  by  which  the  boiling  point  was  raised  above  the  ordinary 
one.    . 


P 


ft 


99 


»> 


t 

Pi 

P 

h 

t-ti 

0 

Millimetres 

MilUmetres 

0 

0 

92-2 

569 

50s 

89-0 

3-2 

65-5 

189 

99 

517 

13-8 

53*8 

III 

46 

36-8 

17-0 

527 

105 

33 

30-8 

21*9 

71-6 

250 

108 

53*5 

i8-i 

70*1 

234 

79 

46-9 

23*2 

It  thus  appears  very  distinctly  that  the  temperature  .of  the 
water  constantly  rises  after  each  boiling,  whereby  more  and 
more  air  is  expelled. 

In  a  second  series  of  experiments  Dufour  prevented  contact 
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of  the  boiling  liquid  with  solid  bodies  by  suspending  drops  in  a 
liquid  of  the  same  specific  gravity.  A  mixture  of  linseed-oil 
and  oil  of  cloves,  whose  respective  specific  gravities  are  about 
•93  and  I'oi,  is  so  prepared  that,  for  temperatures  near  100° 
the  density  of  the  whole  is  nearly  that  of  water.  This  mixture 
is  placed  in  a  cubical  box  of  sheet-iron  with  two  holes  opposite 
each  other,  which  are  filled  with  glass  so  as  to  enable  the  ob- 
server to  perceive  what  is  passing  within.  The  box  is  placed  in 
a  metallic  envelope,  which  permits  of  its  being  heated  laterally. 
When  the  temperature  of  120°  has  been  reached  a  large  drop  of 
water  is  allowed  to  fall  into  the  mixture,  which,  on  reaching 
the  bottom  of  the  box,  is  partially  converted  into  vapour,  and 
breaks  up  into  a  number  of  smaller  drops,  some  of  which  take 
up  a  position  between  the  two  windows,  so  as  to  be  visible  to 
the  observer.  The  temperature  may  now  be  raised  to  140°, 
150°,  or  even  180°,  without  producing  evaporation  of  any  of 
these  drops.  Since  the  maximum  tension  of  steam  at  180°. is 
equal  to  ten  atmospheres,  we  have  here  the  striking  phenomenon 
of  a  drop  of  water  remaining  liquid  at  this  temperature,  under 
no  other  pressure  than  that  of  the  external  air  increased  by  an 
inch  or  two  of  oil. 

In  this  case  also  the  air  necessary  for  evaporation  is  absent. 
If  the  drops  be  touched  with  a  rod  of  metal,  or  better  still,  of 
wood,  they  are  immediately  converted  into  vapour  with  great 
violence,  accompanied  by  a  peculiar  noise.  This  is  explained 
by  the  fact  that  the  rods  used  always  carry  a  certain  quantity  of 
condensed  air  upon  their  surface,  and  by  means  of  this  air 
the  evapdration  is  started.  The  truth  of  this  explanation  is 
proved  by  the  fact,  that  when  the  rods  have  been  used  a  certain 
number  of  times  they  lose  their  power  of  provoking  ebullition, 
owing  no  doubt  to  the  exhaustion  of  the  air  which  was  adhering 
to  their  surfaces. 

If  a  retort  is  carefully  washed  with  sulphuric  acid,  and  then 
charged  with  water  slightly  acidulated,  the  air  may  be  gradu- 
ally more  and  more  removed  by  repeated  boiling.  Let  now  the 
retort  be  connected  with  a  pressure  gauge  and  an  air-pump,  and 
the  air  exhausted  until  the  liquid  is  under  a  pressure  of  only 
1 50  millimetres.  Under  this  pressure  the  water  should  ordi- 
narily boil  at  a  temperature  of  60°.  Dufour  has  shown  that 
water  thus  treated  will  not  boil  even  if  the  temperature  is  raised 
to  75°.  If  now,  while  the  liquid  is  under  these  conditions  of 
pressure  and  temperature,  a  current  of  electricity  is  sent 
through  it  by  means  of  two  platinum  wires  previously  im- 
mersed in  it,  the  bubbles  of  oxygen  and  hydrogen  which  are 
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evolved  at  the  wires  immediately  produce  violent  ebullition, 
and  a  portion  of  the  liquid  is  projected  explosively. 

Krebs,  by  careful  removal  of  the  air  from  water,  has  been 
enabled  to  raise  the  boiling  point  of  water  to  nearly  200°;  and 
Grove,  by  similar  experiments,  has  come  to  the  conclusion  that 
water,  absolutely  free  from  air,  could  not  be  made  to  boil  at  all. 

The  preceding  experiments  lead  to  the  inference  that  a 
liquid,  when  not  in  contact  with  gas,  has  a  difficulty  in  making 
a  beginning  of  vaporisation,  and  may  hence  remain  in  the 
liquid  state  at  much  higher  temperatures  than  those  at  which 
evaporation  would  begin  if  the  necessary  gas  is  supplied.  Ac- 
cording to  Professor  Carey  Foster  vapour  may  be  substituted 
for  air.  He  observed  that  when  a  liquid  has  been  boiling  for 
some  time  in  a  retort,  it  sometimes  ceases  to  exhibit  the  move- 
ments characteristic  of  ebullition,  although  the  amount  of 
vapour  evolved  at  the  surface,  as  measured  by  the  amount  of 
liquid  condensed  in  the  receiver,  continues  undiminished.  In 
this  case  it  would  appear  that  the  superficial  layer  of  liquid, 
which  is  in  contact  with  its  own  vapour,  is  the  only  part  that  is 
free  to  vaporise. 

These  observations  explain  also  the  retardation  of  ebullition 
in  glass  vessels  carefully  washed,  and  the  formation  in  these 
circumstances  of  large  bubbles  of  steam,  causing  what  is  called 
a  bumping  during  ebullition.  This  phenomenon  is  still  more 
marked  in  the  case  of  sulphuric  acid.  If  this  liquid  is  boiled  in 
a  glass  vessel,  enormous  bubbles  are  formed  at  the  sides,  which, 
on  account  of  the  viscous  nature  of  the  liquid,  raises  the  mass 
of  liquid  above  them,  and  then  lets  it  fall  back  with  such 
violence  as  sometimes  to  break  the  vessel.  This  inconvenience 
may  be  overcome  by  throwing  bits  of  platinum  wire  into  the 
liquid,  which  carry  with  them  a  quantity  of  air,  and  thus  facili- 
tate evaporation. 

Although  there  are  thus  great  modifications  of  the  tempe- 
rature of  a  boiling  liquid,  depending  on  several  circiuustances, 
yet  we  may  still  maintain  the  law  that  the  boiling  point  of  a 
liquid  under  a  definite  pressure  is  definite  and  constant,  pro- 
vided that  we  consider  as  the  temperature  of  the  boiling  liquid 
not  that  indicated  by  a  thermometer  inserted  into  the  liquid 
itself,  but  that  temperature  which  is  given  by  a  thermometer 
completely  surrounded  by  the  vapour  produced  by  the  boiling 
liquid.  Rudberg  had  already  enunciated  this  principle,  on 
which  the  determination  of  the  boiling  point  of  thermometers  is 
founded  (see  Art.  21,  page  14).  Marcet  has  more  extensively 
confirmed  the  truth  of  the  principle.     In  all  his  experiments^ 
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alluded  to  above,  he  observed  also  the  temperature  of  the  steam, 
and  found  it  in  all  cases  99° *9,  however  much  the  fluctuations  of 
the  thermometer  immersed  in  the  liquid  itself.  Thus,  as  mean 
values  of  a  great  number  of  experiments  he  gives  the  following 
results  for  alcohol  and  water,  the  upper  number  in  each  column 
being  the  temperature  of  the  liquid,  and  the  lower  number  that 
of  the  vapour  : — 


In  metal  vessel 

In  glass  vessel 

In  glass  vessel  con- 
taining iron  filings 

Water 

0 
100 -o 

99-84 

Alcohol 

78-50 
78-35 

Water 

0 
loi-o 

99-89 

Alcohol 

79*20 
78-40 

Water 

100*26 
99-89 

Alcohol 

78*75 
78*33 

While  thus  the  temperatures  of  the  boiling  liquids  varied 
within  appreciable  quantities,  those  of  the  vapours  remained 
constant,  the  trifling  differences  being  entirely  within  the  limits 
of  errors  of  observation. 

184.  ZhLpeiiments  on  fbe  retardation  of  ebullition. — It 
has  been  shown  that  when  a  liquid,  especially  one  free  from  air, 
be  slowly  heated,  a  retardation  of  ebullition  may  often  be 
observed  ;  that  is,  the  liquid  boils  at  a  temperature  which  is 
higher  than  its  boiling  point.  In  an  open  vessel  this  retardation 
is  not  easily  produced,  nor  is  the  experiment  in  that  case  free 
from  danger,  because  ebullition  which  has  been  retarded  takes 
place  always  very  suddenly  and  with  great  force,  which  is  apt 
to  shatter  the  vessel  to  pieces.  The  phenomenon  may,  however, 
be  safely  observed  and  conveniently  produced  by  an  instrument 
called  the  water 'hammer,  of  which  more  is  said  farther  on.  In 
the  mean  time  it  will  be  sufl&cient  to  state  that  it  consists  of  a 
glass'  tube  with  bulb,  as  shown  in  fig,  67,  containing  a  quan- 
tity of  water ;  the  air  has  been  expelled  above  the  water  by 
boiling  the  latter  and  sealing  the  tube. 

The  apparatus  is  first  held  in  a  horizontal  position,  the  bulb 
upwards,  and  the  end  of  the  tube  is  repeatedly  and  very  mode- 
rately knocked  against  the  side  of  the  table,  a  door-post,  or  any 
other  fixed  piece  of  wood.  At  first  the  sound  at  each  knock  is 
sharp,  because  the  water  is  thrown  back  by  the  elastic  glass 
wall,  while  at  the  same  time  a  few  bubbles  are  produced.  But 
very  soon  the  sound  becomes  dull,  and  i&  like  that  pi-oduced  by 
knocking  an  empty  glass  against  the  wood.     The  apparatus  is 
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now  ready  for  the  experiment.  It  is  inclined  until  it  assomes 
the  position  shown  in^.  66,  taking  special  care  that  no  bubble 
of  vapour  enters  the  tube  ;  for  if  this  happens,  the  water  in  the 
tube  sinks  to  the  level  of  that  in  the  bulb,  as  shown  in  fi/g.  67. 


Fig.  66. 

If  the  tube  be  warmed  with  both  hands  no  vapour  will  be 
formed,  and  the  tube  may  even  be  heated  over  the  lamp  for 
»(Mue  time  without  formation  of  vapour.  Not  until  the  tube  is 
strongly  heated,  does  ebullition  commence  ;  but  when  it  takes 
l)lace  it  causes  a  violent  agitation  of  the  liquid  and  the  beginning 
of  eVnillition  is  distinctly  felt  by  the  hand. 

Instead  of  using  a  flame  for  heating  the  tube  it  is  preferable 
to  heat  it  by  steam.    The  tube  is  then  fixed  within  a  wider  tube 

by  means  of  a  cork,  as 
shown  in  ^.  66.  Steam  is 
passed  through  a  small  tube 
fixed  in  the  cylinder  by  a 
perforated  cork,  and  con- 
nected by  india-rubber 
tubing  with  a  flask  con- 
taining water.  The  small 
tube  below  allows  the  steam 
to  escape.  The  whole  con- 
trivance is  fixed  by  the  knee 
^'  ^*  of  the  water-hammer  in  the 

clamp  of  a  common  retort-stand.  The  water  in  the  flask  is  then 
made  to  boil,  and  ebullition  in  the  water-hammer  will  not  begin 
until  the  lube  is  considerably  heated  by  the  steam,  while  under 
ordinary  circuiustances  the  heat  of  the  hand  is  sufficient  to  pro- 
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duce  ebullition  at  the  low  pressure  under  which  the  water  exists 
in  the  appaititus.  The  pressure  of  the  vapour  within  the  water- 
hammer  is  so  small  that  the  boiling  point  is  very  low,  and  in  this 
case  the  retardation  of  ebullition  takes  place  at  a  low  tempera- 
ture. 

185.  BbnUition  at  biffb  pressures. — If  a  liquid  is  under 
an  increasing  pressure ,  its  boiling  point  is  retarded,  and  if  the 
pressure  is  sufficiently  raised  the  boiling  of  the  liquid  may  be 
altogether  prevented.    Accordingly  if  water  be  boiled  in  a  vessel, 
and  the  boiler  be  placed  in  communication  with  a  reservoir  con- 
taining air  at  the  pressure  of  several  atmospheres,  the  boiling 
point  may  be  raised  to  115°  or  more — a  result  often  very  useful 
for  practical  purposes.     In  a  closed  vessel  the  vapours  produced 
finding  no  issue,  their  tension  and  their  density  increase  with 
the  temperature,  but  the  rapid  disengagement  of  vapour  which 
constitutes  ebullition  is  rendered  impossible.     Hence  in  a  con- 
fined vessel  water  may  be  raised  to  a  higher  temperature  than 
would  be  possible  in  the  open  air,  but  it  will  not  boil.     This  is 
the  case  in  an  apparatus  invented  by  Papin,  a  French  physician, 
and  called  after  him  Papin's  Digester.     It  consists  of  a  cylin- 
drical vessel  of  bronze  or  iron,  possessing  great  strength,  and 
covered  with  a  lid  secured  by  a  powerful  screw.     In  order  to 
close  the  vessel  hermetically,  sheet  lead  is  placed  between  the 
edges  of  the  cover  and  the  vessel.     Since  the  tension  of  the 
steam  increases  rapidly  with  the  temperature,  it  may  finally 
acquire  an  enormous  power.     Thus  at  200°  the  pressure  is  that 
of  16  atmospheres,  or  about  240  lbs.  on  the  square  inch.     In 
order  to  obviate  the  risk  of  explosion,  Papin  introduced  a  device 
for  preventing  the  pressure  from  exceeding  a  definite  limit. 
His  invention  is  nothing  else  but  the  well-known  safety-valve, 
since  applied  to  the  boilers  of  steam-engines.     It  consists  of  a 
lever  loaded  with  a  known  weight  near  one  end  and  pressing 
near  the  opposite  end,  where  its  fulcrum  is,  upon  a  conical  valve 
or  stopper  which  closes  an  opening  leading  into  the  interior  of 
the  boiler.     To  understand  its  action  we  may  suppose  the  area 
of  the  lower  end  of  the  stopper  to  be  exactly  one  square  inch, 
and  that  the  pressure  is  not  to  exceed  ten  atmospheres,  corre- 
sponding to  a  temperature  of  1 80°.    The  magnitude  and  position 
of  the  weight  may  then  be  so  arranged  that  the  pressure  on  the 
hole  is  ten  times  1 5  lbs.     If  the  tension  of  the  steam  exceed  ten 
atmospheres,  the  lever  will  be  raised,  the  steam  will  escape,  and 
the  pressure  will  thus  be  relieved. 

Papin's  digester  may  be  used  for  preparing  food  in  localities, 
such  as  high  mountains,  where,  in  consequence  of  the  diminished 
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preHHuro,  water  boik  at  a,  temperaitura  too  low  to  soften  animal 
fibre  completely  and  extract  the  nutriment  It  in,  however, 
moHtlj  used  for  extracting  );^latine  from  bones.  When  bones 
are  digested  in  this  apparatus  they  are  Boftened  so  that  the 
gelatine  which  the;  contain  is  diBsolved. 

i36.  CbemlcBl  relatlctna  of  boiUnr  volnu. — The  com- 
pounds of  which  organic  chemistry  takes  cognizance  are  espe- 
cially characterised  by  two  properties,  the  small  number  of 
elements  of  which  they  consist — principally  carbon,  oxygen, 
hydrogen,  and  nitrogen — and  further  by  the  variety  and  ccm- 
plesity  of  the  individual  molecules  which  form  the  different 
compounds.  Various  observers,  but  especially  ffopp,  rect^inised 
relations  between  the  constitutions  of  organic  liquids  and  their 
boiling  point.  At  first  it  was  supposed  that  in  general  in  a 
series  of  compounds  to  an  equal  difference  of  composition  there 
corresponds  also  an  equal  difference  in  the  temperature  of  the 
boiling  point.  This  rule  has  not  been  confirmed  in  all  cases  ; 
although,  as  seen  from  the  following  table  where  in  a  htmiologous 
series  of  compounds,  of  which  each  member  differs  in  its  com- 
position from  tie  preceding  one  by  the  addition  of  CHj  (one 
atom  of  carbon  and  two  of  hydrogen)  to  the  molecule  of  the 
latter,  there  appears  a  constant  difference  of  the  boiling  point, 
that  is,  as  we  ascend  from  member  to  member,  the  boiling  point 
rises  by  a  definite  number  of  degrees. 


Hembors  of  Series 

Chomical 
Formula 

Eoiling 
point 

1 

EleVHtian  of 
boiling  point 

Methyl    . 

Ethyl      .        .        . 

CH,0 

c,ri„o 

78-5 

I8'S 

Propyl    , 

C.H.O 

97-5 

19-0 

Butyl       . 

C.H,„0 

iiro 

19-5 

An.yl      .        .        . 

C,H,,0 

137-0 

HoKyl     ... 

CjHj.O 

157-0 

20-0 

Dm  md  Hfoiin/yiaic  Acids. 

Foniiic    . 

<1H,(X 

99-0 

Acetic      . 

C.H.O, 

ii9'o 

ao'o 

Propionic 

C,H„0, 

i4i-o 

22'0 

Itutyric  . 

C,H,0„ 

162-0 

21-0 

C.H,„0„ 

1840 

Caproio  . 

C„H,.,0- 

205-0 

2I-0 

Oouanthic 

C.H/U, 

z24'o 

19-0 
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187.  KKtent  beat  of  vapour . — When  a  liqnid  ia  converted 
into  vapour,  a,  certain  quiuitity  of  ^. 

heat  is  absorbed  and  rendered  latent  /^^^^^^""""^ \ 

in  the  vapour.     The  vapour  which       _     £/T_l  f    \ 

proceeds  from  the  liquid  has  the     |i7>|-"C:''  jJ        | 

Bame  temperature    as   the  liquid.      ^^'.L-  |&=4J 

It  can  be  shown,  however,  eiperi-       -^I-  '\y- 
mentallf,  that,  weight  for  weight,      ^^=— 
it  contains  much  more  heat.      To     "'" 
render  this  manifest,  let  b  {fig.  68)  *''*■  **• 

bo  avessel  containing  water,  which  is  kept  in  the  state  of  ebulli- 
tion and  at  the  temperature  of  100°  by  means  of  a  lamp,  or  any 
other  source  of  heat.  Let  the  st«am  be  conducted  by  a  pipe  c  to 
a  vessel  a,  which  contains  a  quantity  of  water  at  the  temperature 
of  0°.  The  steam  issuing  from  the  pipe  is  condensed  by  the  cold 
water,  and  mixing  with  it  gradually  raises  its  temperature  until 
it  attains  the  temperature  of  100°,  after  which  the  steam  ceases 
to  be  condensed,  and  escapes  in  bubbles  at  the  surface,  as 
common  air  would  if  driven  into  the  water  from  the  pipe. 

If  the  quantity  of  water  in  a  be  weighed  before  and  after 
this  process,  its  weight  will  be  found  to  be  increased  in  the  ratio 
of  about  1 1  to  1 3.  Thus  1 1  lbs.  of  water  at  0°,  mixed  with  2  lbs. 
of  water  in  the  form  of  steam  at  100°,  have  produced  13  lbs.  of 
water  at  100°,  so  that  the  2  lbs.  of  water  which  were  introduced 
in  the  form  of  steam  at  100°  have  been  changed  from  the  vapor- 
ous to  the  liquid  state,  retaining,  however,  their  temperature  of 
100°,  and  have  given  to  1 1  lbs.  of  water  which  were  previously 
in  A  at  0°  as  much  heat  as  has  been  sufficient  to  raise  that  quan- 
tity to  100°. 

It  follows,  therefore,  that  any  given  weight  of  water  in  the 
form  of  steam  at  100°  contains  as  much  heat  latent  in  it  as  is 
sufficient  to  raise  5^  times  it^  own  weight  of  wat«r  from  0°  to 
100°,  that  is,  through  100°  of  the  thermometric  scale. 

If  it  be  aasumed  that  to  raise  a  pound  of  water  through  100° 
requires  100  times  as  much  heat  as  to  raise  it  one  degree,  it  will 
follow  that  the  quantity  of  latent  heat  contained  in  a  pound  of 
water  in  the  form  of  steam  at  100°  is  5^  x  100=550  times  as 
much  as  would  raise  a  pound  of  water  through  one  degree. 

This  fact  is  usually  expressed  by  stating  that  steam  at  100° 
contains  550  thermal  units  of  latent  heat. 

The  same  important  fact  can  also  be  made  manifest  in  the 
following  manner.  Let  a  lamp,  or  any  source  of  heat  which  acts 
in  a  regular  and  uniform  manner,  be  applied  to  a  vessel  con- 
taining any  given  quantity  of  water  which  is  at  0°  when  the 
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process  commences,  and  let  the  time  be  observed  which  the  lamp 
takes  to  raise  the  water  to  ioo°.  Let  the  lamp  continue  to  act 
in  the  same  uniform  manner  until  all  the  water  has  been  con- 
verted into  steam,  and  it  will  be  found  that  the  time  necessary 
for  such  complete  evaporation  will  be  exactly  si  times  that 
which  was  necessary  to  raise  the  water  from  the  freezing  to  the 
boiling  point.  In  a  word,  it  will  require  Si  times  as  long  an 
interval  to  convert  any  given  quantity  pf  water  into  steam  as  it 
will  take  to  raise  the  same  quantity  of  water,  by  the  same  source 
of  heat,  from  the  freezing  to  the  boiling  point ;  and  consequently 
it  follows  that  si  times  as  much  heat  is  absorbed  in  the  evapora- 
tion of  water  as  is  necessary  to  raise  it  without  evaporation 
through  1 00°  of  temperature. 

Different  experimental  inquirers  have  estimated  the  heat 
rendered  latent  by  water  in  the  process  of  evaporation  at  212° 
on  Fahrenheit's  scale,  as  follows  :  — 


Watt 
Southern  . 
Lavoisier  . 
Kumford  . 


.     950 

•    945 
.  1000 

.  1004-8 


Despretz  ,  .  .  •  955'8 
Regnault  ....  967*5 
Favre  and  Silbennann        .  964*8 


In  round  ntmibers  it  may  therefore  be  stated  that  as  much 
heat  is  absorbed  in  converting  a  given  quantity  of  water  at  212° 
into  steam  as  would  be  sufficient  to  raise  the  same  quantity  of 
water  to  the  temperature  of  1200°  when  not  vaporised. 

188.  latent  beat  at  different  pressures  and  tempera- 
tures.— It  was  observed  at  an  early  epoch  in  the  progress  of 
this  inquiry,  that  the  heat  absorbed  in  vaporisation  was  less  as 
the  temperature  of  the  vaporising  liquid,  and  therefore  the 
pressure  of  the  generated  vapour,  was  higher.  Thus  a  given 
weight  of  water  vaporised  at  icx>''  absorbs  less  heat  than  would 
the  same  quantity  vaporised  at  80''.  It  was  generally  assumed 
that  the  increase  of  latent  heat,  for  lower  as  compared  with 
higher  temperatures,  was  equal  to  the  difierence  of  the  sensible 
heats,  and  consequently  that  the  latent  heat  added  to  the  sen- 
sible heat,  for  the  same  liquid,  must  always  produce  the  same 
sum.  Thus,  if  water  at  icx)°  degrees  requires  for  vaporisation 
550  units  of  heat,  water  at  120°  would  only  require  530  units, 
and  water  at  80°  would  require  570  units. 

The  simplicity  of  this  result  rendered  it  attractive  ;  and,  as 
the  general  result  of  experiments  appeared  to  be  in  accordance 
with  it,  it  was  generally  adopted.  M.  Kegnault,  however,  after- 
wards submitted  the  question,  not  only  of  the  latent  heat  of  steam, 
but  also  the  mutual  relation  of  its  pressure,  temperature,  and 
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density,  to  a  rigorous  experimental  investigation,  and  has  obtained 
results  entitled  to  more  confidence,  and  which  show  that  the  sum 
of  the  latent  and  sensible  heats  is  not  rigorously  constant. 

The  pressures  and  densities  obtained  by  M.  Kegnault  are  in 
accordance  with  those  given  in  Table  I.,  page  165.  The  latent 
heats  are  given  in  the  following  table,  in  Fahrei^eit's  degrees, 
where  there  is  also  given  the  sum  of  the  sensible  and  latent  heat, 
and  shown,  what  does  not  seem  to  have  been  previously  noticed, 
that  they  increase  by  an  almost  constant  diJSerence  : — 


Bom  of 

Sum  of 

Tempe- 

Latent 

Latent  Heat 

Tempe- 

Latent 

Latent  Heat 

rature 

Heat 

and 

rature 

Heat 

and 

• 

Sensible  Heat 

Sensible  Heat 

0 
32 

1092-6 

1 124-6 

248 

939*6 

1187-6 

50 

10800 

1 1 30-0 

266 

927  0 

1 193-0 

68 

1067-4 

1 135  4 

284 

914-4 

1 198-4 

86 

1054-8 

1 140-8 

302 

901-8 

1203-8 

104 

1042-2 

1146-2 

320 

889-2 

1209-2 

122 

1029-6 

11516 

338 

874*8 

I2I2-8 

140 

1017-0 

1157-0 

356 

862-2 

1218-2 

158 

1004-4 

1162-4 

374 

849-6 

1223-6 

176 

991-8 

1 167 -8 

392 

835*2 

1227-2 

194 

979*2 

1173*2 

410 

8226 

1232-6 

212 

9666 

1178-6 

428 

808-2 

1236*2 

230 

952*2 

1 182-2 

446 

795-6 

1241-6 

It  appears,  therefore,  that  the  siun  of  the  latent  and  sensible 
heats  is  not  constant,  but  increases  by  a  constant  difference — a 
difference  however  which,  compared  with  the  sum  itself,  is  very 
small,  and  for  limited  ranges  of  the  thermometric  scale,  when 
extreme  accuracy  is  not  required,  may  be  disregarded. 

189.  Sxpeiimeiital  detemainatioii  of  latent  beat  of 
▼aponrs. — It  would  clearly  be  possible,  since  the  apparatus 
sketched  in  fig,  68  is  essentially  nothing  else  but  a  distilling 
apparatus,  b  being  the  boiler  and  a  the  condensing  vessel  (see 
farther  on.  Art.  194,  page  229),  to  use  such  an  apparatus  for  the 
determination  of  the  latent  heat  of  vapours,  provided  that  care  is 
taken  to  ascertain  always  accurately  how  much  vapour  has  been 
condensed  in  a  given  time,  and  how  much  heat  it  has  yielded  to 
the  cold  water  in  the  condenser.  Hence  a  distilling  apparatus 
need  only  be  provided  with  a  calorimeter  suitable  for  these  two 
determinations,  and  it  will  serve  for  an  experimental  research 
into  latent  heat.    Black  was  the  first  to  take  advantage  of  this 
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principle ;  and  all  succeeding  experiments  have,  with  various 
modifications,  mainbained  the  principle  of  the  method.  The 
differences  which  are  observed  in  the  results  obtained  by  dif- 
ferent physicists  are  chiefly  due  to  sources  of  errors  which  have 
been  overlooked  or  not  sufficiently  guarded  against  by  one  or 
the  other  experimenter  engaged  in  the  enquiry.  Brix  boiled 
the  liquid  in  a  small  retort  from  which  the  disengaged  vapour 
entered  a  cylindrical  ring-shaped  hollow  vessel,  which  served  as 
condenser.  This  vessel  was  contained  in  a  cylindrical  vessel  of 
sheet-brass,  forming  the  calorimeter.  An  open  tube  passed 
from  the  condenser  through  the  calorimeter,  so  as  to  connect  the 
condenser  with  the  air  and  prevent  a  rise  of  pressure  in  the 
retort.  A  thermometer  dipped  into  the  water  in  the  calori- 
meter, the  quantity  of  which  was  carefully  weighed.  Care  was 
also  taken  to  prevent  heat  being  radiated,  and  conducted  to,  or 
from  the  apparatus.  The  experiments  of  Despretz  were  quite 
similar  to  those  of  Brix,  but  the  latter  added  an  arrangement 
for  stirring  the  water  in  the  calorimeter,  and  thus  obtaining  a 
more  correct  indication  of  the  temperature  of  the  water.  The 
following  are  the  results  obtained  by  Brix  and  Despretz  : 


Liquids 

Latent  heat  of  vapours 

Water 

Alcohol 

Common  ether  .... 
Turpentine        .... 
Oil  of  lemons    .... 

550 
210 

89-96 
74-04 
79-81 

Brix 

540 
206-6 

907 
7675 

Despretz 

These  results  are  thus  nearly  the  same.     Regnanlt  used  the 
same  method  for  various  liquids  with  the  following  results  : 


Amylic  alcohol 
Turpentine . 
Oil  of  lemons 
Naphtha 
Ethylic  chloride 
Ethylic  iodide 
Bromine 
Chloride  of  tin 
Chloride  of  arsenic 
Chloride  of  phosphorus 
Ac3tic  ether 


Latent  heat. 
204-03 

134-85 

156*00 

189-81 

95 -02 

57-30 

49*77 

54-14 
6773 

65-24 
145*69 
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These  investigations  have  all  been  made  with  vapours  under 
the  ordinary  pressure  of  the  atmosphere.  Watt,  Southern,  and 
Regnault  devoted  themselves  to  the  question,  how  much  heat  is 
required  for  the  production  of  equal  amounts  of  vapour  under 
pressures  diJSering  from  the  ordinary  atmospheric  pressure. 

190.  Watt's  and  Sontbem's  laws.  Reirnaalt's  results. — 
Watt  boiled  water  at  a  pressure  which  was  about  equal  to  one- 
third  of  the  ordinary  atmospheric  pressure,  and  condensed  the 
vapour  in  a  calorimeter.  At  a  temperature  of  63°  he  found  the 
latent  heat  of  the  generated  vapour  559,  that  is,  it  required 
5  59  thermal  units  to  convert  a  kilogramme  of  water  at  63°  into 
saturated  vapour  at  63°  ;  hence,  in  accordance  with  this  experi- 
ment, it  requires  559  +  63  =  622  thermal  units  to  convert  a 
kilogramme  of  water  at  0°  into  steam  saturated  at  63°  C.  Now 
in  former  experiments  Watt  found  the  latent  heat  of  saturated 
steam  at  100°  to  be  524;  that  is,  it  required  524+100  =  624 
thermal  units  to  convert  a  kilogramme  of  water  at  0°  into  steam 
saturated  at  100°.  The  two  quantities  of  heat  required  to 
convert  a  given  quantity  of  water  at  0°  into  steam  saturated 
at  different  temperatures  were  thus  sensibly  equal,  and  hence 
Watt  concluded  that  the  quantity  of  heat  requisite  for  con- 
verting a  kilogramme  of  water  into  saturated  steam  is  always 
the  same  at  whatever  temperature  the  steam  may  be  saturated. 
This  law  of  Watt  is  often  enunciated  thus  :  The  whole  quantity 
of  heat  necessary  to  raise  a  given  weight  of  water  from  zero  to 
any  temperature,  and  to  evaporate  it  entirely  at  that  tempe- 
rature, is  a  constant  quantity.  According  to  this  law  the  latent 
heat  of  steam  decreases  constantly  as  the  temperature  increases, 
and  if  we  suppose  the  specific  heat  of  water  to  be  constant  at  all 
temperatures,  the  latent  heat  decreases  exactly  by  one  thermal 
unit  for  every  increase  of  one  degree  of  temperature.  Thus  at 
o'^  the  latent  heat  of  steam  saturated  at  o'^  is  622,  at  50°  it  is 
572,  and  at  100°  522  thermal  units. 

Southern,  who  made  a  more  extensive  series  of  experiments, 
was  led  to  a  different  conclusion.  He  enunciated  the  fact  that 
the  latent  heat  of  saturated  steam  is  at  all  temperatures  the 
same  and  equal  to  523  units,  this  constant  being  the  same 
which  Watt  had  found  for  steam  at  100°.  Southern  and 
Creighton  determined  the  latent  heat  of  steam,  after  the  method 
previously  described,  at  pressures  which  were  much  higher  than 
the  ordinary  pressure  of  the  atmosphere,  and  found  it  to  be — 
523*3  at  a  vapour-tension  of  1,016  millimetres. 
523-3     »  „  „  2,032        „ 

5277    „  „  n  3,048        „ 
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According  to  Southern's  law  the  latent  heat  at  o°,  required 
to  evaporate  a  kilogramme  of  water  at  o°  is  523  ;  at  100°  it  is 
623,  at  200°  it  is  723  thermal  units,  and  so  on.  In  other  words 
the  sum  of  the  sensible  and  latent  heat  at  any  temperature 
increases  by  one  unit  for  every  rise  of  temperature  of  one 
degree. 

It  was  reserved  for  Regnault  to  prove  by  most  carefully 
arranged  experiments  that  both  these  laws  of  Watt  and 
Southern  were  inaccurate,  that  neither  the  total  heat  (sum  of 
sensible  and  latent  heat)  of  saturated  steam  was  constant,  nor 
that  the  latent  heat  of  evaporation  was  the  same  at  all  tempera- 
tures. In  the  following  tables  a  number  of  Regnault's  results 
are  given,  which  show  that  the  latent  heat  decreases  with  the 
temperature,  but  not  so  rapidly  as  Watt's  law  assumes,  and 
that  the  totaJ  heat  increases,  but  not  so  rapidly  as  Southern's 
law  indicates. 


Tension  of 
vapour 

Temperature 
of  vapour 

Total  heat 

Latent  heat 

Millimetres 

0 

170*91 

63-02 

625-5 

562-5 

369-80 

81-03 

628-8 

547^8 

760-00 

lOO'OO 

636-67 

536-67 

1448-17 

119-25 

642-3 

523-0 

2285-26 

134*4 

649-0 

5146 

3042-51 

144*3 

649*7 

505*4 

3883*14 

153*5 

650-1 

496-6 

4643-15 

160-3 

653*1 

492-8 

6127-67 

171-6 

655-5 

483*9 

8056-49 

183-2 

662-4 

479-2 

10354-84 

194-8 

666-0 

471-2 

From  his  results  Regnault  was  not  enabled  to  enunciate  a 
simple  law,  according  to  which  the  quantity  of  heat  required  at 
different  temperatures  for  the  production  of  saturated  steam  is 
regulated.  He  represented  therefore  the  dependence  of  the  quan- 
tity of  heat  from  the  temperature  by  the  empyrical  formulae — 

Q^A  +  Bt  +  Ct^  .   .   .   . 
in  which  q  is  total  quantity  of  heat  required  for  evaporation, 
and  A,  B,  c,  are  constants  to  be  determined  by  experiments. 
Regnault  found  from  his  experiments  at  100°  and  at  195°  that 

A  =  6o6-5 

8  =  0-305 

c=o-o 
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Hence  at  these  temperatures 

Q  =  606  "5 +0*305*. 

This  equation  gives  not  only  the  quantities  required  between 
100°  and  195°,  but  also  those  at  lower  temperatures,  with  great 
correctness.  It  follows  that  the  total  quantity  of  heat  in  steam 
at  any  temperature  is  equal  to  the  quantity  of  heat  in  a 
kilogramme  of  steam  at  0°,  increased  by  the  product  0*305*. 

In  order  to  find  the  latent  heat  of  steam  at  any  temperature 
t,  we  must  first  deduct  from  the  total  heat  Q  the  quantity  (q) 
required  for  heating  a  kilogramme  of  water  to  the  temperature  t^ 
which  is  given  in  Art.  105,  page  1 13,  as 

q=^t  +  o '00002*'  +  o  •0000003*'. 
Hence  : 

Latent  heat  =  Q--gf 

=  606 '5  —  0*695* — o*oooo2*' — o*oooooo3*^ 

Thus  we  find  the  following  values  at  various  temperatures  : 

*=     o*'        40°        80°      100°      120°      160®      200*^ 
Latent  heat  =  606 -5     5787     550*6    5365    522*3    493*6    464*3. 

These  results  agree  exceedingly  well  with  those  calculated  from 
an  approximate  formula,  v.hich  has  been  given  by  Clausiiis 
from  theoretical  considerations,  viz. — 

Latent  heat  =  607  —  0*708*, 

which  gives  for  the  corresponding  values  above 

ato°     40°        So*'         100°       120*^        160°        200° 
607     578*6     550*36     536*2     522*04    49372    465*4- 

191.  Iiatent  beat  of  otber  vapours. — Regnault  made  also 
careful  experiments  on  the  vapours  of  other  liquids,  varying  the 
pressure  during  the  experiments  between  about  100  and  8,000 
millimetres.  He  found  that  in  most  of  the  liquids  which  were 
subjected  to  experiment,  the  total  quantities  of  heat  required 
for  evaporation  at  any  temperature  could  be  represented  by  a 
formula  of  the  form  given  in  the  preceding  article  with  reference 
to  water,  viz. : — 

Q  =  A  +  B*  +  C*', 

and  that  hence  the  latent  heat  of  their  vapours  at  any  tempe- 
rature could  be  represented  by  equations  similar  to  the  above, 
deducting  in  each  case  the  quantity  of  heat  required  to  heat 
each  liquid  to  the  temperature  under  considsration.  The  con- 
stants, A,  B,  c,  for  the  total  heat  are  the  following  for  the 
various  liquids  named : — 

Q 
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A 

B 

C 

Carbon  disnlphide 
Ether 
Benzine     . 
Chloroform 
Chloride  of  carbon     . 
Acetone     . 

• 

90-0 
94-0 

109-0 
67-0 
52-0 

104-5 

0-14601 

0-4500 

0-2443 

0-1375 

0-1463 

0-3664 

—0-0004123 

.  —0-0005555 

-0-0001315 

0-0 
—0-000172 
—0-000516 

The  latent  heat  of  these  substances,  calculated  with  due 
regard  to  their  various  specific  heats,  as  given  in  the  tables  on 
pages  113  and  120,  are  hence  the  following  : — 


Carbon  disulphide 
Ether    . 
Benzine 
Chloroform    . 
Chloride  of  carbon 
Acetone 


90-0 — 0*08922* — o-ooo  4938^' 
94-0  -  0-0790 1 1  -  0-0008  5 1 4t^ 

109-0 -o-i355o«-o-ooo5885** 
67-0  -  0-09485* — 0*0000507*' 
52*0  -  0*05 1 73* — 0*0002626** 

1 40*5  —  o*  1 3999*  —  0*0009 1 2  5  *'^ 


The  latent  heat  of  the  vapours  of  other  liquids  has  also  been 
ascertained  by  MM.  Favre  and  Silbermann,  and  is  given,  as 
well  as  the  specific  heat,  in  the  following  table  : — 


Names  of  Substauces 

Tempe- 
rature 

Specific 
Heat 

Latent 
Heat 

Water 

212  F. 

I 

964-8 

Carburetted  hydrogen 

392 

0-49 

108 

Ditto 

482 

050 

108 

Pyroligneous  acid 

151-7 

0-67 

475-2 

Alcohol,  absolute 

172-4 

0-64 

374*4 

„       Valerianic    . 

1724 

0-59 

217-8 

.,        ethalic  . 

172-4 

0-51 

104-4 

Ether,  sulphuric 

100-4 

050 

163*8 

„     Valerianic 

236-3 

052 

124-2 

Acid,  formic 

212 

0-65 

3042 

„     acetic 

248 

051 

183-6 

„     butyric     . 

327-2 

0-41 

207 

„     Valerianic 

347 

0-48 

187-2 

Ether,  acetic 

165-2 

0-48 

190-8 

Butyrate  of  metylene 

199-4 

0-49 

156-6 

j  Essence  of  turpentine 

312-8 

0-47 

124-2 

1  Terebene    .... 

312-8 

0-52 

120-6 

Oil  of  lemons     . 

329 

050 

126 
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192.  latent  beat  of  Alootiol. — While  for  all  vapours 
mentioned  in  the  preceding  article  the  total  heat  constantly 
increases,  and  the  latent  heat  decreases,  the  latent  heat  of 
evaporation  of  alcohol  exhibits  such  remarkable  inequalities/that 
neither  for  the  total  heat  nor  for  the  latent  heat  a  formula 
could  be  constructed  similar  to  those  given  for  other  vapours. 
Regnault  confined  himself  to  the  construction  of  a  curve  repre- 
senting this  anomalous  behaviour.  The  following  table  gives 
the  values  thus  obtained  by  graphical  delineation,  from  10  to  10 
degrees : — 


Temperature 

Total  Heat 

Latent  heat 

0 

236*5 

236*5 

10 

244*4 

238*8 

20 

252*0 

240*6 

30 

258*0 

240-5 

40 

262*0 

238-3 

50 

264*0 

233*8 

60 

2650 

227-6 

70 

265*2 

220-6 

80 

265*2 

213*1 

90 

266*0 

206*0 

100 

267*3 

J99-I 

no 

269*6 

192*9 

120 

272*5 

186-8 

130 

2760 

181*0 

140 

280*5 

175-8 

150 

285-3 

170-5 

It  will  thus  be  seen  that  the  latent  heat  increases  up  to  a 
temperature  of  about  30°,  and  then  decreases,  at  first  slowly, 
then  more  rapidly,  and  then  again  more  slowly.  Kegnaiilt 
thinks  it  possible  that  alcohol,  when  boiling  under  high  pres- 
sure may  generate  vapour  which  undergoes  some  molecular 
change  while  in  that  state,  resuming  its  ordinary  molecular 
condition  when  the  pressure  is  released.  On  the  other  hand  he 
admits  that  it  is  exceedingly  diflicult  to  obtain  the  liquid  in  a 
really  pure  state,  and  that  it  showed  similar  anomalies  in  all 
experiments  to  which  it  was  subjected. 

193.  Condensation  of  vapour. — Since  by  continually  im- 
parting heat  to  any  body  in  the  liquid  state,  it  at  length  passes 
into  the  form  of  vapour,  analogy  suggests  that  by  continually 

Q2 
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withdrawing  heat  from  a  body  in  the  vaporous  state,  it  must 
necessarily  return  to  the  liquid  state ;  and  this  is  accordingly 
generally  true.  The  vapour,  being  exposed  to  cold,  is  deprived 
of  a  part  of  that  heat  which  is  necessary  to  sustain  it  in  the 
aeriform  state,  and  a  part  of  it  is  accordingly  restored  to  the 
liquid  form  ;  and  this  continues  until,  by  the  continual  abstrac* 
tion  of  heat,  the  whole  of  the  vapour  becomes  liquid  :  and  as  a 
liquid  in  passing  to  the  vaporous  form  undergoes  an  immense 
expansion  or  increase  of  bulk,  so  a  vapour  in  returning  to  the 
liquid  form  undergoes  a  corresponding  and  equal  diminution  of 
bulk.  A  cubic  inch  of  water,  transformed  into  steam  at  loo' , 
enlarges  in  magnitude  to  nearly  1700  cubic  inches.  The  same 
steam  being  reconverted  into  water,  by  abstracting  from  it  the 
heat  communicated  in  its  vaporisation,  will  be  restored  to  its 
'  former  bulk,  and  will  form  one  cubic  inch  of  water  at  icx)°. 
Vapours  arising  from  other  liquids  will  undergo  a  like  change, 
differing  only  in  the  degree  of  diminution  of  volume  which  they 
suffer  respectively.  The  diminished  space  into  which  vapour  is 
contracted  when  it  passes  into  the  liquid  form,  has  caused  this 
process  to  be  called  condensation. 

The  absorption  of  heat  in  the  process  by  which  liquids  are 
converted  into  vapour  will  explain  why  a  vessel  containing  a 
liquid  that  is  constantly  exposed  to  the  action  of  fire  can  never 
receive  such  an  amount  of  heat  as  would  injure  it.  A  tin  kettle 
containing  water  may  be  exposed  to  the  action  of  the  most  fierce 
furnace,  and  remain  uninjured  ;  but  if  it  be  exposed,  without 
containing  water,  to  the  most  moderate  fire,  it  will  soon  be 
attacked.  The  heat  which  the  fire  imparts  to  the  kettle  contain- 
ing water  is  immediately  absorbed  by  the  steam  into  which  the 
water  is  converted.  So  long  as  water  is  contained  in  the  vessel, 
this  absorption  of  heat  will  continue  ;  but  if  any  part  of  the 
vessel  not  containing  water  be  exposed  to  the  fire,  the  metal  will 
probably,  if  sufficient  heat  is  applied,  be  fused,  and  the  vessel 
destroyed. 

194.  BlstHlatlon. — This  process  depends  upon  the  successive 
evaporation  an4  condensation  of  liquids,  and  is  used  for  the 
purpose  of  separating  liquids  from  substances  which  they  may 
hold  in  solution. 

The  process  by  which  water  is  first  converted  into  vapour 
and  then  restored  to  the  state  of  water  is  called  distillatidn, 
from  a  Latin  word  distillatio,  which  signifies  '  falling  in  drops.' 
The  conversion  of  the  vapour  into  liquid  in  the  condenser 
usually  proceeds  so  slowly  that  the  liquid  falls  from  the  spout 
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of  the  condenser,  not  in  a  continuona  stream,  but  it 
of  drops. 

lu  the  industrial  arts,  and  in  chemical  laboratories,  where 
water  abiioliitely  pure  ia  needed  in  considerable  quantities,  its 
distillation  is  conducted  in  an  apparatus  which  is  represented  in 
fig.  69. 

This  distilling  apparatus,  or  alembic,  consists  of  a  copper 
holler.  A,  filed  in  a  brick  furnace,  having  a  dome-formed  cover. 
s,  adapted  to  it,  from  which  a  bent  tube,  bed,  proceeds,  and  iB 
connected  with  a  spiral  tube  called  a  worm.  This  worm  is  en- 
closed in  a  large  cylindrical  ci8tem,p3j  r,  constructed  in  metal, 
and  which  is  kept  constantly  filled  with  cold  water.  The  lowest 
pari;  of  the  worm  paaaea  out  of  this  cistern  near  its  bottom,  and 
terminates  at  a,  over  the  mouth  of  a  jar,  c,  intended  to  receive 
the  distilled  water.  An  opening,  t,  having  a  steam -tifjht  stopper. 


FCe.6,. 

is  provided  in  the  boiler,  through  which  the  water  to  be  distilled 
is  introduced  into  it 

The  vapour  issuing  from  the  boiler  through  the  tube,  bed, 
passes  into  the  worm,  being  first  received  bythe  vesael,  o,  where 
the  condensation  begins. 

Passing  next  through  the  coils  of  the  wrarm,  it  is  exposed  to 
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the  contact  of  its  cold  surface,  and  is  entirely  condensed  and 
reduced  to  the  liquid  state  before  it  arrives  at  the  lower  ex- 
tremity, a,  from  which  it  trickles  in  drops  into  the  Jar,  e. 

The  heat  disengaged  from  the  vapour  in  the  process  of  con- 
densation being  constantly  imparbed  to  the  nater  in  the  cistern 
pqjr,  that  water  would  be  graduaUy  warmed,  and  if  it  were 
not  discharged  and  replaced  by  cold  water,  it  would  no  longer 
keep  the  worm  cold  enough  to  condense  the  vapour.  A  supply 
of  cold  water  is  therefore  introduced  through  a  pipe,  t  t,  while 
the  heated  water  flows  away  through  the  pipe  of  discharge,  o. 

Heated  water,  being  lighter  uulk  for  bulk  than  cold  water, 
will  float  upon  the  latter  without  mixing  with  it,  unless  the 
liquid  be  agitated.  The  cold  water,  therefore,  being  introduced 
at  the  lowest  part,  t,  of  the  cistern,  will  form  the  inferior  strata, 
while  the  heated  water  will  collect  at  the  superior  strata,  and, 
being  pressed  upwards  by  the  cold  water,  will  flow  out  at  o. 
The  supply  pipe,  p,  which  feeds  the  pipe  r  t,  and  the  discharge 
pipe,  o,  may  be,  and  generally  are,  so  regulated  that  the  water 
discharged  from  o  is  very  little  below  the  temperature  of  the 
vapour  coming  from  the  boiler,  while  the  water  of  the  lowest 
strata  is  as  cold  aa  the  external  atiuoi^phere.  The  vapour,  there- 
fore, which  enters  at  d,  is  at  fii'st  only  partially  condensed,  the 
condensation  being  rajadly  increased  as,  winding  through  the 
worm,  it  passes  in  contact  with  a  surface  colder  and  colder  until, 
at  k*ngth  arriving  at  the  lowest  coil,  it  is  wholly  condensed. 


Tlie  heated  water  which  flows  from  the  discharge  pipe,  t 
may  be  used  to  feed  the  boiler,  B  ;  and  being  already  at  a  big 
temperature,  an  economy  of  fuel  is  thus  effected. 
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When  extreme  purity  ie  reiiuired  in  the  distilled  water,  it  is 
evaporated  at  a  temperature  lower  than  icx>%  becanse  at  that 
temperature  a  certain  small  portion  of  the  foreign  matters  which 
it  holda  in  solution  sometimes  goes  over  in  the  vaporous  state 
through  the  worm,  and  is  ultimately  deposited  in  the  jar,  c. 
The  lower  the  temperature  at  which  the  water  in  the  toiler  is 
evaporated,  the  less  of  this  impurity  will  pass  through  the  worm. 

By  these  expedients,  witti  proper  precautions,  water  abso- 
lately  pure,  and  entirely  free  from  all  foreign  matter,  may  be 
obtained. 


195.  Apparatas   to  dUtU  volBtlle  Itqnlda.''  In  physical 

and  chemical  researches  it  is  frequently  necessary  to  distil  very 
volatile  liquids,  the  vapour  of  which  would  be  wasted  or  lost  it 
it  were  not  condensed.  In  such  cases  apparatus  for  distillation 
such  as  those  represented  in  Jigs.  70  and  71,  are  generally  used 
in  the  laboratories.  lu^.  70,  the  globular  glass  flask  a,  placed 
upon  a  charcoal  furnace,  contains  the  hquid  to  be  distilled  ;  it 
is  connected  by  a  bent  tube  a  b  c  with  a  condensing  vessel  b. 
The  tube  a  t  e  is  sun'ounded  by  a  lai^^  tube,  d  e,  which  is 
made  water-tight  at  the  ends  ;  thia  tube,  which  is  usually  made 
of  tin,  is  kept  filled  with  cold  water  by  a  lateral  tube  d,  and 
the  water  is  discharged  from  it  by  another  lateral  tube  fg.  The 
vapour,  in  passing  through  the  tube  a  b  c,  is  condensed  by  the 
cold  to  which  it  is  exposed  between  d  and  b. 

.  In  Jig,  71  another  variety  of  the  same  apparatus  ia  shown, 
which  is  used  when  the  vessels  from  which  the  liquids  are  distilled 
are  liable  to  be  broken  by  the  unequal  action  of  the  heat  when 
in   immediate  contact  with  the   charcoal.     In  the  apparatus 
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shown  in  fig.  71,  the  flask  A  is  replaced  by  a  tubulated  retort 
which  is  immersed  in  a  sand  bath  heated  by  the  charcoal.     An- 
other tubulated  retort  replaces  the  vessel  b. 

When  the  quantity  of  liq  lid  to  be  distilled  is  not  consider- 
able, a  more  simple  apparatus,  such  as  that  represented  in^^.  72, 


Fig.  72. 

may  be  used,  where  an  Argand  lamp  replaces  the  charcoal 
furnace,  the  other  parts  of  the  apparatus  being  easily  intelligible 
after  what  has  been  explained. 

A  still  more  convenient  and  equally  simple  contrivance,  which 
may  be  easily  constructed  by  anyone,  is  represented  in^^.  73-  A 
wide  cylinder  of  glass,  c  c,  is  closed  at  both  ends  by  corks.  A  tube 
a  b,  having  a  somewhat  narrower  opening  below  than  that  above, 
passes  through  both  corks  of  the  wider  tube  ;  its  upper  end  a  is 
closed  air-tight  by  a  cork  perforated  for  a  narrow  tube  which  leads 
to  a  vessel  in  which  the  steam  is  generated.  The  lower  end  is 
loosely  placed  into  the  neck  of  a  vessel  whicii  serves  for  re- 
ceiving the  condensed  liquid.  Cold  water  passes  into  cc  by 
means  of  the  narrow  tube  d,  which  reaches  nearly  to  the  bottom 
of  c  c,  while  the  heated  water  flows  off  at  the  top  of  c  c  through 
the  narrow  tube  e  which  is  fixed  in  the  side  of  it. 

The  upper  cork  serves  only  for  keeping  the  tubes  c  c  and  d 
in  a  steady  position,  and  need  not  fit  very  tight ;  but  the  lower 
cork  must  close  the  lower  aperture  perfectly  water-tight,  or 
otherwise  the  impure  water  in  the  condenser  cc  will  run  between 
cork  and  sides  into  the  receiver,  mix  with  the  distilled  liquid  in 
it,  and  render  it  impure  again.  The  tube  d  may  be  attached  by 
a  piece  of  india-rubber  tubing  to  one  end  of  a  syphon  which  is 
set  up  at  a  suitable  height  above  the  apparatus  for  distilling ; 
or  it  may  be  connected  with  the  water-pipe,  and  the  flow  may 
be  regulated  by  means  of  the  water-tap. 

That  solid  bodies  remain  behind  in  the  distillation  of  a 
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liquid  may  be  shown  experimentally  by  adding  to  the  water  to 
be  distilled  a  little  salt  and  a  trace  of  magenta  colour.     The 
distilled  water    has  no  taste  and  is 
colourless,  the  magenta  being  gene- 
rally deposited  upon  the  sides  of  the 
boiling  flask. 

196.  Crystallisation  produced  by 
distillatioii. — The  process  of  distilla- 
tion supplies  an  easy  and  convenient 
means  of  obtaining  bodies  in  a  crystal- 
lised state.  It  is  found  that,  when 
solid  bodies  are  dissolved  in  water, 
there  is  a  certain  limit  to  the  quantity 
which  can  be  held  in  solution,  and 
that,  if  a  greater  quantity  be  thrown 
into  the  water,  it  will  sink  to  the 
bottom  without  being  dissolved.  This 
is  a  fact  which  anyone  can  ascertain  by 
dissolving  common  salt  in  water. 
When  so  much  of  the  solid  is  supplied 
as  the  water  is  capable  of  dissolving, 
the  solution  is  said  to  be  saturated, 
and  the  particular  proportion  of  the 
quantity  dissolved  to  the  entire  quan- 
tity of  water  is  called  the  point  of 
saturation. 

Now  it  is  found  that,  in  general, 
the  point  of  saturation  varies  with  the 
temperature  of  the  water  ;  the  higher 
that  temperature  is,  the  higher  will 
in  general  the  point  of  satiu*ation  be, 
or,  what  is  the  same,  the  greater  will  be 
the  quantity  of  the  solid  which  a  given 
quantity  of  water  can  hold  in  solution. 
If,  therefore,  water  at  the  boiling  point 
be  saturated,  it  must  deposit,  according  as  it  cools,  a  certain 
quantity  of  the  substance  it  holds  in  solution ;  and  it  is  found, 
in  general,  that  the  substance  thus  deposited  will  be  in  a  state 
of  crystallisation.  But  crystallisation  may  also  be  produced 
by  evaporation,  independently  of  any  change  of  temperature. 
Thus,  for  example,  if  water  at  the  boiling  point  be  saturated 
with  salt,  the  quantity  of  water  being  diminished  by  that  which 
escapes  in  the  form  of  steam,  the  remainder  being  incapable  of 
holding  the  same  quantity  of  salt  in  solution,  a  part  of  the  salt 
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will  be  deposited  in  the  solid  form,  and  the  part  thus  depi^sited 
will  increase  as  the  water  is  evaporated.  The  beauty  of  the 
crystalline  forms  will,  in  this  case,  however,  be  interfered  with 
by  the  agitation  of  the  liquid. 

This  effect  produces  very  injurious  consequences  in  the 
boilers  of  steam  vessels.  Such  boilers  being  supplied  with  sea 
water,  holding  salts  of  different  sorts  in  solution,  the  continued 
evaporation  at  length  raises  the  water  in  the  boiler  to  the  point 
of  saturation,  after  which  salt  will  be  deposited,  which,  accumu- 
lating in  the  boiler,  will  intercept  more  or  less  of  the  heat,  and 
thus  produce  waste  of  fuel  and  other  injurious  consequences. 

Very  similar  is  the  action  of  hard  water  on  the  boilers  of 
ordinary  steam  engines.  Those  waters  which  contain  com- 
pounds of  calciiun  or  magnesium  are  generally  spoken  of  as 
hard,  in  opposition  to  those  waters  which  do  not  contain  these 
compounds,  and  are  called  soft.  Many  hard  waters  become 
softer  by  boiling,  the  carbonic  acid  which  they  contain  being 
expelled  by  this  means,  and  the  carbonate  of  lime,  and  part  of 
the  sulphate  of  lime  which  the  carbonic  acid  enabled  them  to 
hold  in  solution,  are  then  deposited,  and  cause  a  *  fur '  or  in- 
crustation upon  the  inside  of  the  boiler. 

197.  Deoomposition  by  evaporation. — In  physical  re- 
searches it  is  often  required  to  obtain  in  a  separate  state  the 
substances  which  water  holds  in  solution.  For  this  purpose  the 
solution  is  poured  into  a  jjorcelain  cup,  which  is  placed  over  a 
spirit  lamp,  as  shown  in  Jig.  74  ;  and  the  water  being  thus  eva- 
porated, the  substance  held  in  solution  remains  in  the  cup.  In 
chemical  analyses,  however,  where  it  is  necessary  to  obtain  a 


Pig.  74' 

rigorous  estimate  of  the  quantity  held  in  solution,  this  process 
requires  to  be  conducted  with  many  precautions.  Thus,  the 
liquid  must  not  be  raised  to  the  boiling  point,  because  in  that 
case  the  steam  bubbles  produced  at  the  bottom  of  the  cup  would 
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rise  with  such  force  as  to  scatter,  in  the  form  of  spray,  more  or 
less  of  the  substance  which  it  is  necessary  to  preserve.  Some- 
times the  cup  containing  the  solution  to  be  evaporated  is  placed 
in  another  containing  water,  by  which  means  the  heat  imparted 
to  the  former  is  moderated  and  regulated.  In  other  cases  the 
water  is  omitted,  and  the  cup  containing  the  "solution  is  sus- 
pended in  a  cup  of  copper,  which  is  empty,  or  which,  more  pro- 
perly speaking,  is  filled  with  air.  In  other  cases,  again,  the  cup 
containing  the  solution  to  be  evaporated  is  placed  in  a  sand  bath 
raised  to  a  moderate  temperature  by  a  wood  fire. 

198.  Some  effects  of  steam.  Tbe  water-bammer. — The 
peculiar  hissing  sound  which  is  heard  when  steam  is  condensed 
by  being  passed  into  water  is  caused  by  the  clashing  together  of 
particles  of  water  which  are  urged  by  atmospheric  pressure  to 
rush  in  from  all  sides  to  occupy  the  space  left  vacuous  by  the 
condensed  steam.  As  water  is  very  little  compressible  the  sound  is 
very  similar  to  that  produced  by  striking  solid  bodies  together. 

When  steam  is  generated  in  a  vessel  only  partly  filled  with 
water  it  will  after  a  time  sweep  out  the  air  from  the  space  above 
the  water,  and  if  the  steam  is  now  condensed  an  almost  perfect 
vacuum  may  be  produced.  If 
water  is  boiled  for  some  time  in 
a  flask  closed  by  a  perforated 
cork  through  which  a  glass  tube 
is  ^passed  connected  at  the  end 
with  a  short  piece  of  india-rub- 
ber tubing,  the  latter  may  be 
closed  by  a  clamp  and  the  flame 
removed.  Under  these  circum- 
stances the  space  within  the 
retort  above  the  liquid  contains 
no  longer  any  air,  but  is  filled 
with  steam,  of  which  the  pres- 
sure is  at  first  the  same  as  that 
of  the  atmosphere,  but  as  the 
temperature  decreases  the  pres- 
sure also  becomes  less,  and 
finally  there  will  be  in  the  re- 
tort only  very  rarefied  steam 
exerting  an  inconsiderable  pres- 
Biu'e. 

In  the  saine  manner  the  pre- 
viously mentioned  water-ham- 
mer {fig,  75,  A  and  b)  is  exhausted  of  air.  Where  the  small  point 


Fig.  75. 
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appears  at  a,  there  was  a  short  narrow  tuhe  through  the  opening 
of  whicli  the  air  has  been  driven  out,  and  which  was  then  closed 
with  the  blowpipe.  When  the  apparatus  is  inverted  so  that 
some  of  the  water  strikes  against  the  extremity  of  the  tube,  or 
against  another  portion  of  the  liquid  contained  in  it,  a  ah&rp 
sound  is  produced  similar  to  that  which  Bccompanies  the  con- 
densation of  steam  in  water.  It  resembles  so  much  the  shock  of 
two  soUd  bodies  that  on  hearing  the  sound  for  tlie  first  time,  it 
appears  as  if  the  glass  had  been  cracked.  The  sound  is  par- 
ticularly sharp  if  the  apparatus  is  either  held  in  the  position  A, 
Hg.  75,  and  moTed  quickly  in  the  direction  of  the  arrow,  so  that 
the  water  in  the  bulb  strikes  against  tjiat  in  the  tube,  or  in 
position  B,  and  turned  rapidly  in  the  direction  of  the  arrow  so 
that  the  whole  water  falls  from  the  bulb  into  the  empty  tube 
and  strikes  against  the  glass. 

199.  BeftctlMi  or  ateam.  Tbe  Ballpyie — It  has  already 
been  shown  in  the  treatise  on  Hydbostatics,  in  this  series,  page 
303,  Art.  230,  that  if  water  be  discharged  from  a  vessel  by  a 
small  orifice  or  a  tube,  and  the  vessel  is  moveable  on  an  axis, 
the  discharge  of  the  water  will  produce  a  reaction  in  an  opposite 
direction  to  that  of  efflux,  and  the  vessel  will  rotate.  An 
arrangement  of  this  kind  is  usually  called  Barker's  mill.  Now 
when  a  vessel  containing  water  is  heated,  and  there  is  only  a 
small  orifice  in  the  vessel,  then  the  escape  of  steam  is  impeded, 
and    the   temperature   of 

—  ^■-    -—  .  .  -_z:-^--=^~-~  A      reaction      apparatus 

moved  by  steam  may  be 
had  from  the  dealers  under 
the  name  of  Hero's  engine,  or  EoKpyh.  It  consists  of  a  hollow 
spherical  vessel,  capable  of  rotating  about  an  axis  and  fitted  with 
two  tubular  appendages  bent  at  right  angles  and  having  narrow 
apertures,  as  seen  in^.  76.  By  immersing  one  of  the  apertures 
in  water  and  sucking  at  the  other,  the  vessel  may  be  partly 
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filled  with  water,  which  is  then  made  to  boil  by  the  application 
of  a  lamp.  Very  soon  two  jets  of  vapour  are  forcibly  discharged 
through  the  apertures  and  on  the  principal  of  reaction  the 
globular  vessel  is  driven  round  in  an  opposite  direction. 

200.  Freezing  by  evaporation. — The  evaporation  of  liquids 
is  retarded  by  the  pressure  of  the  air  surrounding  them,  and  is 
consequently  promoted  when  that  pressure  is  diminished  or  re- 
moved. A  method  of  producing  artificial  ice  is  founded  upon 
this  principle. 

A  cup  of  unglazed  porcelain,  containing  water,  is  placed  upon 
a  large  glass  dish  containing  sulphuric  acid.  The  dish  and  cup  are 
then  placed  upon  the  plate  of  an  air-pump  {fij.  77\  a'ld  being 
covered  by  a  receiver,  the  air  is  exhausted. 
The  water,  being  relieved  from  the  atmo- 
spheric pressure,  freely  evaporates,  and  the 
receiver  would  soon  be  filled  with  an  atmo- 
sphere of  its  vapour,  the  pressure  of  which 
would  arrest  the  evaporation ;  but  the  sulphu- 
ric acid,  as  explained  in  Art.  182,  page  209, 
absorbs  the  vapour  as  fast  as  it  is  produced, 
and  the  water  being  thus  free  from  pressure, 
the  evaporation  continues. 

But  in  the  change  from  the  liquid  to  the 
vaporous  state  a  large  quantity  of  heat  is  ab- 
sorbed and  rendered  latent,  as  already  ex- 
plained, and  all  this  heat  must  be  taken  from  4 
the  water  which  remains  unevaporated.  Thui,  for  every  drop 
of  water  which  is  converted  into  vapour,  the  water  which  re- 
mains in  the  cup  will  be  deprived  of  as  much  heat  as  would  be 
sufficient  to  raise  the  temperature  of  a  similar  drop  about  550 
degrees  higher  if  it  were  not  evaporated.  This  great  loss  of  heat 
causes  the  water  which  remains  unevaporated  in  the  cup  to  fall 
in  temperature  and  soon  to  congeal. 

On  the  absorption  of  heat  by  evaporation  is  also  founded  the 
very  instructive  instrument  called  Wollaston^s  cryophorus  (cold- 
bearer).  As  shown  in  fig.  78,  it  consists  of  two  glass  bulbs,  a 
and  B,  connected  by  a  tube.  Water  was  put  in  the  bulb  a,  and 
whilst  a  small  orifice  was  left  open  at  the  bottom  of  the  bulb  b, 
the  water  was  boiled.  As  in  the  case  of  the  water-hammer,  the 
steam  escaping  from  the  water  chased  out  the  air,  and  when 
this  was  all  expelled  the  orifice  was  closed  by  means  of  a  blow- 
pipe. When  the  water  has  cooled  down  to  the  ordinary  tem- 
perature, there  is  only  water  and  vapour  of  water,  exerting  a 
very  slight  pressure,  left  in  the  apparatus.     If  now  the  bulb  a 
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be  placed  in  a  vessel,  so  as  to  exclude  cuirento  of  air  whidi 
would  affect  and  possibly  delay  the  rwult,  while  the  other  bulb 
B  is  plunged  in  a  freezing  mixture,  the  vapour  present  and  th&t 
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which  escapes  from  the  water  is  condensed,  and  after  some  time 
the  water  in  a  begins  to  freeze. 

201.  AppUoaUons  of  latent  bent  of  steam. — The  latent 
heat  of  steam  may  he  used  with  convenience  for  many  domestic 
purposes.  In  cookery,  if  the  steam  raised  from  boiling  water  be 
allowed  to  pass  through  meat  or  vegetables,  it  will  be  condensed 
upon  their  surface,  imparting  to  them  the  latent  heat  which  it 
contained  before  its  condensation,  and  thus  they  will  be  as 
effectually  boiled  as  if  they  were  immersed  in  boiling  water. 

In  dwelling-houses,  where  pipes  convey  cold  water  to  dif- 
ferent parts  of  the  building,  steam-pipes  carried  through  the 
building  will  enable  hot  water  to  be  procured  in  every  part  of 
it  with  speed  and  facility.  The  cook  of  the  steam-pipe  being 
immersed  in  a  vessel  containing  cold  water,  the  steam  which 
escapes  from  it  will  be  condensed  by  the  water,  which,  receiving 
the  latent  heat,  will  soon  be  raised  to  any  re^^nired  temperature 
below  the  boiling  point.  'Warm  baths  may  thus  be  prepared  in 
a  few  minutes,  the  water  of  which  would  require  a  long  period 

The  variatiniia  of  temperature  incident  to  any  part  of  the 
globe  are  included  within  narrow  limits,  and  these  limits  deter- 
mine the  bodies  which  are  found  to  exist  there  most  commonly 
in  the  solid,  liqui4,  or  gaseous  state. 

A  body  whose  boiling  point  is  below  the  lowest  temperature 
of  the  climate  must  always  exist  in  the  state  of  vapour  or  gas  ; 
and  one  whose  point  of  fuaion  is  above  the  highest  temperature 
must  always  be  solid.  Bodies  whose  point  of  fusion,  is  below 
the  lowest  temperature,  while  their  boiling  point  is  above  the 
highest  temperature,  will  be  permanent  liquids.  A  body  whose 
point  of  fusion  is  a  little  above  the  lowest  limit  of  the  temper&i 
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ture,  will  exist  generally  as  a  liquid,  but  occasionally  as  a  solid. 
Water  in  these  climates  is  an  example  of  this.  A  liquid,  on  the 
other  hand,  whose  boiling  point  is  a  little  below  the  highest 
limit  of  temperature,  will  generally  exist  in  the  liquid,  but  occa- 
sionally in  the  gaseous  form.  Ether  in  hot  climates  is  an 
example  of  this,  its  boiling  point  being  98°  on  Fahrenheit's  scale, 
a  temperature  not  unfrequently  observed  in  hot  countries.  ^ 
Some  bodies,  at  our  ordinary  temperature,  are  only  perma- 
nently retained  in  the  liquid  state  by  the  atmospheric  pressure. 
Ether  and  alcohol  are  examples  of  these.  If  these  liquids  be 
placed  under  the  receiver  of  an  air-pump,  and  the  pressure  of  the 
air  be  only  partially  removed,  they  will  boil  at  the  common 
temperature  of  the  air. 


CHAPTER  IX. 

HYGEOMETBY. 


202.  Object  Of  Bygrrometry. — The  object  of  hygrometry  is 
to  observe  the  amount  of  moisture  contained  in  the  atmosphere. 
The  instruments  used  for  this  purpose  are  called  hygrometers. 

The  gaseous  envelope  which  surrounds  the  earth  may  be 
considered  as  composed  of  two  distinct  atmospheres — an  atmo- 
sphere of  dry  air  and  an  atmosphere  of  vapour.  The  dry  air  is 
always  a  gas,  and  its  quantity  constant  from  year  to  year  ;  but 
the  vapour  of  water  does  not  always  remain  in  the  gaseous 
state,  and  the  quantity  present  in  the  atmosphere  is,  by  the 
processes  of  evaporation  and  condensation,  varying  every 
instant.  That  the  air  is  never  completely  dry,  may  be  easily 
proved  by  a  simple  experiment.  There  are  substances,  like 
chloride  of  calcium,  sulphuric  acid,  <&c.,  which  possess  a  great 
chemical  affinity  for  water,  and  are  hence  called  hygrometric 
substances.  If  one  of  these  substances  be  at  any  time  exposed 
to  the  air,  they  are  found  to  absorb  aqueous  vapour.  On  the 
other  hand  the  air  in  general  is  not  completely  saturated,  hence 
besides  ascertaining  the  actual  amount  of  vapour  present,  it  is 
more  often  the  real  object  of  an  experiment  in  hygrometry  to 
ascertain  the  ratio  of  the  amount  present  at  any  time  to  the 
amount  which  would  completely  saturate  the  air  at  the  tempera- 
ture which  prevails  at  the  time  of  the  experiment  in  that  locality. 
This  ratio  has  received  the  name  humidityj  or  rather  relative 
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humidity,  and  it  is  said  to  indicate  the  '  hygrometric  state '  of 
the  atmosphere. 

To  ascertain  with  exactness  the  hygrometric  condition  of 
the  air  is  of  the  utmost  importance,  both  to  the  physician  and 
agriculturist,  as  well  as  to  the  scientific  inquirer.  By  observ- 
ing the  varying  amount  of  vapour  or  moisture  in  the  air  the 
nhysician  is  enabled  to  regulate  its  condition  as  best  suited  to 
nis  patient's  requirements  ;  while  the  s^iculturist,  by  closely 
watching  the  movements  of  the  barometer  in  connection  with 
the  hygrometer,  can  anticipate  probable  atmospheric  changes 
that  may  prove  beneficial  or  injurious  to  his  crops. 

203.  Relative  and  absolute  bumidlty. — ^As  upon  the 
relative  humidity,  as  defined  in  the  preceding  article,  our  sensa- 
tions of  the  dryness  and  moisture  of  the  air  chiefly  depend,  so 
do  the  words  *  humid,'  or  moist,  and  *  dry,'  as  applied  to  air  in 
ordinary  language,  nearly  correspond  to  the  technical  use  of  the 
word  relative  humidity,  and  air  is  usually  said  to  be  dry  when 
its  humidity  is  considerably  below  the  average.  Thus  the  air 
in  a  room  heated  by  a  hot  stove  contains  as  much  vapour  weight 
for  weight  as  the  open  air  outside  ;  but  it  is  drier,  because  beiijig 
warmer  it  could  at  this  higher  temperatiu^e  contain  considerably 
more  vapour  than  it  actually  contains.  In  like  manner  the  air  is 
drier  at  noon  than  at  midnight,  though  the  amount  of  vapour  pre- 
sent is  about  the  same  ;  and  it  is  for  the  most  part  drier  in  summer 
than  in  winter,  though  the  amount  of  vapour  present  is  much 
greater  in  suu)mer.  Relative  humidity  differs  completely  from 
absolute  humidity,  which  implies  nothing  more  than  the  absolute 
amount  of  vapour  in  a  given  quantity  of  air.  Thus  suppose  the 
temperature  of  the  air  to  be  40°  F.  and  quite  saturated  with 
vapour,  and  then  to  be  suddenly  raised  to  50°,  without  any  ad- . 
dition  being  made  to  its  vapour,  its  absolute  humidity  would  in 
each  case  be  the  same,  but  its  relative  humidity  lias  consider- 
ably changed.  In  popular  language  it  would  be  considered 
very  damp  air  in  the  former  case  and  very  dry  air  in  the  latter. 

The  relative  humidity  is  usually  expressed  as  a  percentage. 
When  the  humidity  is  100,  the  air  is  completely  saturated  ;  but 
if  the  vapour  actually  presjnt  is  seven-tenths  of  that  required 
for  complete  saturation,  the  humidity  is  seven-tenths  of  100,  or 
is  said  to  be  70.  We  may  thus  define  relative  humidity  as  :  the 
weight  of  aqiveoiis  vapour  in  a  given  volume  of  air,  expressed  as  a 
percentage  of  the  weight  of  vapour  which  at  the  same  temperature 
wo^dd  occupy  the  same  volums  at  saturation.  From  the  laws  of 
Boyle  and  Mariotte  it  follows,  that  at  the  same  temperature,  the 
volume  remaining  the  same,  the  weight  of  vapour  in  a  non- 
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saturated  space  increases  with  the  pressure,  and  therefore  with 
the  tension  of  vapour  itself.  Hence,  instead  of  using  the  ratio 
of  the  weights  of  the  vapour  present  and  required  for  saturation, 
we  may  use  the  corresponding  tensions,  and  define  humidity,  or 
the  hygrometric  state,  as  the  ratio  of  the  tension  of  the  aqueous 
vapour  which  the  air  actually  contains  to  the  tension  of  the  vapour 
which  it  would  contain  at  the  same  temperature  if  it  were 
saturated. 

204.  Tbe  dew-point. — Let  us  suppose  that  air  which  con- 
tains at  some  definite  temperature  a  quantity  of  vapour,  not 
sufficient  for  saturation  at  that  temperature,  is  gradually  cooled 
while  the  pressure  remains  the  same  through  the  experiment. 
The  density  of  the  air  as  well  as  that  of  the  vapour  will  under 
these  circumstances  increase,  because  vapour  removed  from  its 
liquid  behaves  nearly  like  dry  air,  and  a  point  must  be  reached  at 
which  the  density  of  the  vapour  becomes  equal  to  the  maximum 
density  corresponding  to  the  temperature,  to  which  the  air  and 
.vapour  have  been  lowered.  This  temperature  is  called  the  dew- 
point  of  the  given  mass.  If  the  temperature  be  further  lowered, 
condensation  of  a  portion  of  vapour  must  clearly  take  place,  and 
if  some  object  be  present  upon  which  the  condensed  portion 
may  be  deposited,  the  surface  will  exhibit  a  layer  of  dew  or 
moisture.  It  follows  that  the  relative  humidity  of  the  air  can 
be  exactly  determined  by  ascertaining  experimentally  its  dew- 
point.  For,  let  T  be  the  actual  temperature  of  the  air,  as  given 
by  an  ordinary  thermometer.  To  this  temperature  corresponds 
a  maximum  tension  of  vapour,  which  we  may  call  p,  and  which 
is  experimentally  determined  once  for  all  and  given  in  Table  I. 
page  167.  Further  let  t  be  the  observed  temperature  of  the 
dew-point,  and  p  the  corresponding  maximum  tension  of 
vapour,  then  we  shall  have 

Relative  humidity  =  . — . 

P 
On  this  principle  several  hygrometers  have  been  constructed. 

The  following  are  the  most  important  forms  of  instruments 

chiefly  in  use  : — 

205.  Daniell's  By^rometer. — This  was  the  first  accurate 
instrument  invented  for  the  purpose,  and  may  still  be  used  to 
determine  the  dew-point  with  considerable  ease  and  exactness. 
It  is  represented  in^.  79,  and  consists  of  a  small  glass  syphon, 
at  each  end  of  which  is  a  thin  glass  bulb  about  ij  inch  in 
diameter.  The  longer  leg,  a  6,  is  about  4  inches  long,  and 
contains  a  small  but  very  delicate  thermometer,  the  bulb  of 
which  is  within  the  terminal  glass  ball.     The  syphon  contains  so 
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much  common  ether  as  when  poured  into  the  lower  bulb  c  will 
rather  more  than  half  cover  the  enclosed  thermometer  bulb. 

Before  the  tube  is 
sealed  up  the  ether  is 
boiled,  so  as  to  drive 
out  the  whole  of  the 
air.  The  essential 
part  of  the  instrument 
is  completed  by  cover- 
ing the  upper  bulb  d 
with  muslin  and  gild- 
ing a  part  of  the  lower 
bulb.  It  is  now  usual, 
however,  to  make  this 
lower  bulb  of  black 
glass.  The  syphon  tube 
is  placed  for  use  upon 
the  little  stand  to  which 
is  attached  the  second 
thermometer,  /,  in 
order  that  the  tempe- 
rature of  the  air  may 
be  observed  at  the 
same  time  as  its  dew- 
point. 

To  make  an  obser- 
vation all    the    ether 


Fig.  79. 


within  the  instrument  is  first  poured  into  the  lower  bulb. 
Then  taking  a  bottle  of  common  ether,  a  few  drops  are  poured 
upon  the  muslin  of  the  upper  bulb.  Its  evaporation  cools  the 
bulb,  and  condenses  the  ether  vapour  within.  Fresh  vapour 
flows  along  the  bent  tube  from  the  lower  bulb,  and  in  the 
manner  of  WoUaston's  cryophorus  the  temperature  of  this  lower 
bulb  is  gradually  reduced  until  the  dew-point  of  the  surrounding 
air  is  reached,  and  the  dew  may  be  observed  forming  upon  the 
gilded  or  blackened  surface  of  the  bulb.  The  dew-point,  as 
shown  by  the  included  thermometer,  is  then  to  be  read,  but 
accuracy  is  only  to  be  obtained  by  observing  several  successive 
depositions  and  evaporations  of  dew  in  a  manner  fully  described 
under  the  head  of  Regnault's  Hygrometer. 

The  hygrometer  of  Daniell,  however  elegant  and  pleasing,  and 
satisfactory  in  theory,  has  many  sources  of  inconvenience  and  in- 
accuracy. The  expenditure  of  ether  is  considerable  and  costly;  and 
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inahotand  dry  climate  it  is  very  difficult  to  obtain  anydepoaition 
of  dew  during  the  long-continued  manipulation  and  close  obser- 
vation of  the  instrument  which  ia  always  necessary.  The  wannth 
and  moisture  of  the  hand  and  body  are  sure  to  affect  the  indi- 
cations of  botli  thermometers.  The  cold  ether  vapour  flowing 
from  the  upper  bulb  raay  also  cause  inaccuracy.  The  last  and 
most  important  objection  is  that  cold  ia  produced  only  at  the 
surface  of  the  ether  in  the  lower  bulb,  and  there  is  no  agitation 
(if  the  liquid  to  ensure  uniformity  of  temperature.  Hence,  the 
internal  thermometer  may  often  indicate  a  temperature  some 
degrees  different  from  that  at  which  dew  is  being  deposited. 
This  objection  is  partially  remedied  by  making  the  lower  bulb 
oblique,  so  that  one  part  of  it  shall  be  nearly  in  contact  with  the 


thermometer  bulb  within.  Daniell,  well  aware  of  this  objec- 
tion, remarks  that  dew  will  fitst  be  deposited  in  a  circle  roimd 
the  bulb  near  to  the  BurfaM  of  the  ether,  and  directs  that  the 
thermometer  bulb  shall  be  placed  so  as  to  be  cut  by  the  surface 
of  the  ether. 

Z06.  RernAiilt'a  Hyfrometer.— Subsequent  to  Danieil's  in- 
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vention  several  dew-point  instruments  were  devised,  in  which  the 
evaporation  of  ether  was  made  to  cool  the  bulb  of  a  thermometer 
and  cause  a  deposit  of  dew.  Among  others,  that  of  Regnault  may 
be  described  as  a  nearly  perfect  instrument  of  its  kind.  Tn  its 
complete  form,  as  shown  in^.  80,  it  consists  of  a  very  thin  and 
brightly-polished  silver  thimble  a,  45  mm.  high  and  20  mm.  in 
diameter,  fitted  to  the  glass  tube  6,  which  again  is  fixed  by  the 
small  lateral  tube  t  and  the  metallic  tube  d  to  the  stand.  The 
upper  end  of  the  glass  tuba  b  is  closed  by  a  cork,  bearing  a 
thin  glass  tube  c,  descending  nearly  to  the  bottom  of  the  silver 
thimble,  and  a  very  delicate  and  accurate  thermometer,  the 
pear-shaped  bulb  of  which  is  in  the  centre  of  the  thimble.  A 
second,  exactly  similar  thermometer,  similarly  placed  within  a 
glass  tube  and  silver  thimble,  is  mounted  on  the  other  side  of 
the  stand,  but  the  cork  need  not  be  penetrated  by  any  glass 
tube. 

To  make  an  observation,  so  much  pure  ether  is  poured  into 
the  tube  h  as  will  rather  more  than  fill  the  thimble  to  the  level 
5,  and  the  cork  being  fitted  in  air-tight  the  instrument  is  pu  t 
in  connection,  by  means  of  the  caoutchouc  tube  g,  with  a  common 
aspirator,  by  which  an  exactly  regulated  flow  of  air  through  the 
instrument  may  be  obtained.  The  aspirator,  which  may  have 
a  capacity  of  3  or  4  litres  is  placed  close  to  the  observer,  and  the 
hygrometer  may  be  at  some  distance — for  instance,  outside  a 
window — being  observed,  if  necessary,  with  a  telescope. 

Now,  when  water  is  allowed  to  flow  from  the  aspirator,  air  is 
drawn  through  the  tube,  and,  bubbling  up  through  the  ether, 
causes  a  more  or  less  rapid  evaporation.  The  temperature  of 
the  ether  is  thus  slowly  reduced,  and,  from  its  constant  agitation 
by  the  stream  of  air,  the  silver  thimble  and  the  thermometer- 
bulb  are  maintained  at  an  exactly  similar  temperature.  After 
a  minute  or  two  at  the  most,  dew  will  begin  to  form  on  the 
thimble  and  will  be  very  visible  on  its  brightly  polished  surface. 
The  thermometer  is  instantly  to  be  read,  and  the  stream  from 
the  aspirator  to  be  stopped.  Suppose  that  the  reading  ob- 
served is  48° 'I  F.,  the  deposit  of  dew  may  increase  for  a  few 
moments,  but  will  soon  begin  to  evaporate  again,  the  ther- 
mometer rising. 

At  the  moment  that  the  dew  entirely  disappears  read  the 
thermometer  again  ;  let  it  be  49*3.  Considering  that  dew 
requires  a  short  time  to  form  or  evaporate  in  a  visible  degree,  it 
is  obvious  that  the  dew-i)oint  lies  between  48*1  and  49*3.  Let  an 
exceedingly  slow  current  of  air  be  now  drawn  through  the  ether 
so  that  the  thermometer  is  very  gradually  reduced  to  49*2,  49*1, 
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49 'o,  and  so  on.  The  point  at  which  dew  first  appears  may  now 
be  observed  with  much  greater  accuracy  ;  let  it  be  48 '8.  Still 
it  is  probable  that  48*8  is  somewhat  below  the  exact  dew-point. 
If,  when  the  current  is  stopped,  the  small  deposit  of  dew 
vanishes  at  49*0,  we  may  consider  the  mean,  or  48*9,  to  be  the 
true  dew-point ;  but  if  necessary  we  may,  by  still  slower  proce- 
dure, approximate  even  more  closely.  *  All  these  operations,' 
observes  M.  Regnault,  '  take  more  time  to  describe  than  to  exe- 
cute ;  with  a  little  practice,  three  or  four  minutes  are  sufficient 
for  determining  the  dew-point  almost  within  ~th  of  a  degree 
Centigrade.' 

At  the  same  time  the  second  thermometer  is  to  be  read,  to 
give  the  common  temperature  of  the  air.  From  its  parallel  cir- 
cumstances and  position,  its  indications  would  be  exactly  similar 
to  those  of  the  other  ;  hence,  the  difference  of  the  two  gives  the 
depression  of  the  dew-point  free  from  almost  all  kinds  of  error. 
It  is  obvious  that  all  the  objectionable  points  in  Darnell's  hygro- 
meter are  avoided  in  this  admirable  instrument.  The  only 
remaining  objection  is  the  inconvenience  of  keeping  or  carry- 
ing about  a  large  aspirator,  and  frequently  filling  it  with  water. 
Mr.  Welsh  had  in  the  Kew  Observatory  an  aspirator  in  the  fonn 
of  a  circular  bellows,  to  the  lower  moveable  board  of  which  a 
weight  was  attached.  He  also  proposed 
to  expand  the  upper  end  of  the  tube  e 
into  a  small  funnel,  by  which  fresh 
ether  may  readily  be  introduced. 

207.  Psyobrometers.  —  Daniell's 
and  Regnault's  hygrometers  belong  to 
the  class  called  condensing  hygro- 
meters. A  different  principle  is  ap- 
plied in  the  so-called  Dry  and  Wet 
Bulb  Thermometers,  or  Psychrometera, 
In  these  instruments  the  dew-point  is 
not  determined  by  direct  observation, 
but  indirectly.     The  principle  of  psy-  ^^'  ^'* 

chrometers  is  that  a  moist  body,  when  the  air  is  dry,  evaporate  ■* 
more  rapidly  than  when  the  air  is  damp.  But  in  proportion  as 
evaporation  on  the  surface  proceeds  more  rapidly  the  tempe- 
rature of  the  body  sinks .  Thus,  if  two  thermometers,  one  having 
a  dry  the  other  a  moist  bulb,  be  exposed  to  diy  air,  the  wet 
bulb  thermometer,  on  account  of  the  heat  it  loses  by  evapora- 
tion, will  indicate  a  lower  temperature  than  the  dry  one,  and 
the  difference  between  the  two  thermometers  will  depend  on  the 
hygrometric  state  of  the  atmosphere,  which  may  be  calculated 
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from  these    i;jbaerved  differences  at  any  time.      On  tliis  prin- 
-...  ciple  the  following  instni' 

jj^!"^  iltes^  nienU  are  baaed. 

jljjjJiiii^L  .,  .-.^— ,"/:[•  2o3.    ftealle-s     Tber- 

^3".  "■  ''^1'^  UMunetrie     K7Kro»>at«r. 

"  "      '!  — Thi8inatniment,^.8i, 

is  an  elementaiy  form  of 
Mason's  Dry  and  Wet  Bulb 
Hygrometw,  by  which  it 
is  now  superseded.  It  con- 
eist^  of  a  glaas  tube,  termi- 
nated with  a.  bulb  at  eauh 
end.  The  tube  is  partly 
filled  with  sulphuric  acid, 
tinged  by  carmine.  Ona 
L'f  the  bulbs  is  covered 
with  muBliii  sjid  kept 
constantly  moistened  with 
water,  drawn  from  a  vase 
placed  near  it  by  the  capil- 
lary attraction  of  a  few 
strands  of  cotton  wick. 
The  descent  of  the  co- 
loured liquid  in  the  other 
stem  will  mark  the  dimi- 
nution of  temperature 
caused  by  the  evapoi-ation 

— I  I  of    the    water    from   the 

I  humid  surface.    The  drier 

!  I  the  air  is,  the  more  rapidly 

^^V  will   the    evaporation   go 

*■  —     on,  and  the  cold  produced 

'  will   be    greater.       When 
air  is  nearly  saturated 
PiB-  B»'  with  moisture  the  erapo- 

ration  tfoes  on  slowly ;  the  cold  produced  is  moderate,  because 
the  bulb  regains  a  lai^  portion  of  its  lost  heat  from  Burround- 
iiig  bodies.  The  degree  erf  refrigeration  of  the  bulb  is  an  index 
of  the  dryness  of  the  air. 

209.  IKoaon'B  Dry  Bud  VTet  Bulb  HTprometer.  —  This 
instrument,  fig.  82,  which  on  the  Continent  is  known  as 
Avjiid's  PsydiromeUi;  consists  of  two  parallel  thermometers,  as 
nearly  identical  as  possible,  mounted  on  a  wooden  bracket,  one 
marked  dry,  the  other  i»e(.     The  bulb  of  the  wet  thermometer 
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ia  covered  with  thin  mualin,  round  the  neck  of  which  is  twisted 
a  conducting  thread  of  lamp-wick,  ur  common  daming-cotton  ; 
this  passes  into  a  vessel  of  water,  placed  at  anch  a  distance 
as  to  allow  a  length  of  conducting  thread  of  about  three  inches. 
The  cup  or  glass  is  placed  on  one  side  and  a  little  beneath,  ao 
that  the  water  within  may  not  affect  the  reading  ot  the  dri/  bulb 
thermometer.  In  observing,  the  eye  ia  placed  on  a  let^l  with 
the  top  of  the  mercury  in  the  tube,  and  the  observer  should 
refrain  from  breathing  whilst  taking  an  observation.  The  tem- 
perature of  the  air  and  of  evaporation  la  given  by  the  readings 
of  the  two  thermometers,  from  which  the  dew-point  can  be 
deduced  by  formuhe  or  from  hygrometrio  tables. 

For  practical  purposes,  in  estimating  the  comparative  humi- 
dity, the  following  table  (on  Fahrraiheit's  scale),  which  is 
reduced  from  Mr.  Glaisher's  elaborate  tables,  will  be  sufficient. 
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45 

86 

74 

64 

54 

46 

54 

S6 

74 

64 

55 

47 

5& 

87 

75 

65 

56 

48 

S8 

87 

76 

66 

57 

49 

60 

88 

76 

66 

58 

50 

43 

62 

SS 

77 

67 

58 

50 

44 

64 
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77 

67 

59 

5' 

45 

66 

88 

78 

68 

60 

5' 

45 

-  68 

83 

73 

6S 

60 

52 

46 

70 

S3 

78 

69 

61 

53 

47 

72 

89 

79 

69 

6r 

54 

48 

74 

89 

79 

70 

63 

55 

43 

76 

89 

79 

71 

63 

55 

49 

78 

89 

79 

71 

63 

56 

5° 

80 

90 

So 

71 

63 

56 

S° 

Ss 

90 

80 

7a 

64 

57 

5' 

84 

90 

So 

72 

64 

57 

51 

86 

90 

80 

72 

64 

58 

52 
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The  total  quantity  of  ar(ueoiis  vapour  which  at  any  tempera- 
tiiro  can  Ik;  (liffiised  in  the  air  being  represented  by  loo,  the 
percentage*  of  va[K>ur  actually  present  will  be  found  in  the  table 
r»pjKisite  the  temp>erature  of  the  dry- bulb  thermometer,  and 
under  the  difference  between  the  dry-bulb  and  wet- bulb  tempe 
ratureH.  The  degree  of  humidity  for  intermediate  temperatures 
and  differences  Ijetween  ihoae  given  in  the  table  can  be  easily  es- 
timated sufficiently  accurately  for  most  practical  purposes. 

In  England  the  usual  difference  between  the  thermometer- 
rearlingH — in  the  open  air,  shaded  from  the  sun,  reflected  heat, 
and  currents  of  air— ranges  from  one  to  twelve  degrees.  In  hot 
and  dry  clirnateH,  as  India  and  Australia,  the  range  out  of  doors 
has  been  found  as  much  as  30° 

210.  rormulaB  of  redaction.  Olalsber's  factors. — As 
already  stated,  unless  the  air  is  saturated  with  moisture,  the 
wet-bulb  thennometcr  always  indicates  a  lower  temperature 
than  the  other,  and  the  diflference  between  the  indications  of 
the  two  therrnorneters  is  greater  in  proportion  as  the  air  can 
take  up  more  moisture.  The  tension,  6,  of  the  aqueous  vapour 
in  the  atmosphere  may  bo  calculated  from  the  indications  of  the 
thermometer  })y  means  of  the  following  empirical  formula,  in 
which  c'  is  the  maximum  tension,  corresponding  to  the  tempe- 
rature of  the  wet  bulb  thermometer,  h  the  barometric  height  at 
the  time,  and  t  and  t^  the  respective  temperatures  of  the  dry 
and  wet  bulb  thermometer  : — 

e  =  e' - 0-00077  (t  -  <0  ^. 

For  example,  let  /i  =  75o  millimetres,  ^  =  15°  C,  r=  10°  C,  then 
according  to  Table  I.,  page  167,  the  maximum  tension,  e%  corre- 
sponding to  10°  C.  is  9*165  millimetres,  hence  we  have 
6  =  9*165 -0*00077  X  5  X  750  =  6*268. 

Finding  from  the  same  table  the  temperature  corresponding  to 
a  maximum  temperature  of  6*278,  we  find  the  dew-point,  viz. 
about  4^*5.  If  the  air  had  been  saturated  at  the  temperature  it 
has,  viz.  I5°C.,  the  tension  would  have  been  12*699.  We  may 
from  this  conclude  that  it  is  about  half  saturated  with  moisture. 
Although  the  above  formula  expresses  the  result  with 
tolerable  accuracy,  the  constant  used  in  it,  0*00077,  requires  to 
bo  modified,  if  the  instrument  is  in  different  positions.  It  is 
correct  for  a  large  room  with  open  "windows ;  in  small  closed 
rooms  it  is  0*00128  ;  in  largo  rooms  it  is  0*001  ;  and  in  the  open 
nir  without  wind  it  is  0*0009.  Regnault  found  that  the  dif- 
ference in  temperature  of  the  two  bulbs  depends  on  the  rapidity 
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of  the  current  of  air  ;  at  a  low  temperatiire  and  in  veiy  moist 
air  the  results  obtained  by  the  psychrometer  differed  from  those 
given  by  Regnault's  hygrometer. 

In  this  country  a  formula  of  reduction,  deduced  from  Dr. 
Apjohn's  investigations,  is  used.  Let  f  be  the  elastic  force  of 
saturated  vapour  at  the  dew-point,  /  the  elastic  force  at  the 
temperature  of  evaporation  (the  wet  bulb),  d  the  difference 
between  the  dry  and  wet  bulb,  and  h  the  barometric  pressure  in 
inches  of  mercury,  then 

^     d      h 

when  the  reading  of  the  wet  bulb  is  above  32°  F.  ;  and 

.     d      h 

when  the  reading  of  the  wet  bulb  is  below  32°  F. 

The  value  of  the  elastic  force  in  inches  has  been  given  for 
successive  temperatures  expressed  in  Fahrenheit's  degrees,  in 
Table  I.,  page  165,  but  it  will  be  more  convenient  for  the 
present  purpose  to  use  Table  I.  given  on  next  page,  which  is 
taken  from  Mr.  Glaisher's  Hygrometric  Tables.  From  this  table 
/  is  found,  and  d  and  h  being  obtained  by  observation,  f  is 
calculated.  The  dew-point  is  then  found  by  using  the  table 
reversely,  that  is  by  finding  the  temperature  corresponding  to 
the  elastic  force  f,  as  calculated  by  the  above  formula.  To  take 
an  example  : — Suppose  the  dry  bulb  to  read  50°  and  the  wet 
45°,  the  barometer  standing  at  29  inches.  Then  /,  from  Table  T. 
below,  is  found  =  '299  inch,  hence 

50-45     29 
r='299— gg-  X  — =  -244. 

From  Table  I.  again  we  find  the  temperature  of  the  dew-point 
opposite  '244  to  be  39° '/j  which  is  therefore  the  temperature  of 
the  dew-point  when  the  dry  bulb  is  50°  and  the  wet  bulb  45°. 

To  obviate  such  laborious  calculations  Mr.  Glaisher  has 
elaborated  a  series  of  factors  from  the  combination  of  simul- 
taneous observations  of  the  drv  and  wet  bulb  thermometers 
with  DanielPs  hygrometers.  These  factors  are  given  in  Table 
II.  below.  We  shall  find  the  dew-point  of  the  above  example 
by  them.  The  factor  opposite  the  dry  bulb  50°  is  2  *o6,  and  the 
difference  between  the  two  thermometers  is  5°,  therefore 

2 '06  X  5  =  io'3. 
hence  dew-point  =  50  -  io'3  =  39° 7,  as  before. 
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Table  I. — Shoiciitg  the  Elastic  Force  of  Aquanit  Vapovir,  in 
iniihts  of  Mercury  from  o"  to  80°,  aUcidated  from  the  £xperi- 
ttttiUa  of  Beijiiault.    From  Mr.  Olauker'a  Bygrometiric  Tablet. 

The  Intenaediatc  Mnlha  ol  degrees  mar  be  is^ljr  Intprpolatei]. 


Tc™p. 

';'L'^^°/ 

t™. 

l"^ur 

Te.p. 

vupour 

Temp. 

?.5S.^ 

Inch 

Inch 

iQch 

Inch 

■044 

33-5 

■192 

437 

-28s 

53-0 

■403 

■046 

34-0 

■196 

44-0 

■z88 

53-3 

■407 

■048 

34'S 

■199 

44*3 

■293 

53S 

■410 

3 

■050 

35-0 

■204 

44-5 

■294 

537 

■4'3 

4 

■052 

35-3 

■206 

447 

■296 

S4-0 

41S 

5 

■OS4 

35 -5 

■20S 

45-0 

■399 

54-3 

■422 

6 

■057 

357 

■209 

45-3 

■303 

54-5 

■425 

7 

■060 

36-0 

45  "S 

■305 

547 

-428 

& 

■062 

36-3 

■214 

457 

■307 

55-0 

■433 

9 

■065 

36s 

■216 

46-0 

■3T1 

55-5 

■441 

■068 

367 

■218 

46-3 

■315 

56^0 

■449 

II 

■071 

37  ■0 

■32a 

46-5 

■317 

56-5 

■457 

■074 

37  3 

■223 

467 

■319 

57  ■" 

■465 

13 

■07a 

37 '5 

■225 

47-0 

■323 

57'S 

■473 

'4 

■082 

377 

■226 

47 '3 

■327 

58^0 

-482 

'5 

■o«6 

^t° 

■229 

47 '5 

■329 

59-0 

■500 

16 

■090 

i-s 

■231 

477 

■331 

60  ■o 

■518 

'7 

■094 

■233 

48^0 

■335 

6rQ 

■537 

iS 

■093 

387 

■235 

48'3 

■339 

62^0 

■556 

19 

■103 

39'° 

■238 

48 '5 

■342 

630 

■576 

■108 

39'3 

■240 

487 

■344 

64^o 

'If 

39'5 

■242 

49^0 

■348 

65-0 

397 

■244 

49'3 

■352 

66^D 

'639 

23 

■123 

400 

■247 

495 

■355 

-661 

24 

■129 

40-3 

■250 

497 

■357 

■684 

25 

■'3S 

40-5 

■252 

50-0 

•361 

69;° 

70S 

26 

■141 

407 

■254 

5''-3 

■36s 

733 

27 

■'47 

41 -o 

■257 

50-5 

■367 

7S9 

23 

■'53 

41-3 

■260 

507 

■370 

785 

29 

■160 

41-5 

■262 

Si-o 

"374 

73-0 

29-5 

■■63 

417 

■264 

51-3 

■378 

74-0 

30-0 

■167 

4;i-o 

■267 

5'-i 

■38' 

75-0 

-868 

30-5 

■170 

42-3 

■270 

517 

■384 

76'o 

■897 

3I-0 

■174 

42-5 

■272 

53-0 

■388 

77 'o 

■9=7 

3' -5 

■177 

427 

■274 

52-3 

■393 

7S'0 

■958 

32'o 

■181 

43"o 

■277 

52-5 

■396 

79-0 

■990 

32-S 

■184 

433 

■280 

527 

■399 

80^3 

■023 

33-0 

■188 

43-S 

■383 
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Table    II. — Factors  for  Multiplying  the  Excess  of  the  Dry-hidh 
Thermometer  over  tliat  of  tJie  Wetlnilb,  to  find  the  Excess  of 
the  Tem,perature   of  the  Air  above   that   of  tlie    Dew-point. 
From  Mr.  Glaisher^s  Hygrornctric  Tables. 


•Dry- 

Dry. 

!|  Dry. 

Dry. 

Dry. 

bulb 

Fa;tor 

bulb 

Factor 

j    bulb 

Factor 

bulb 

Factor 

bulb 

Factor 

Then 

Then 

0 
28 

Then 

Tber. 
64 

'  Then 

0 
82 

0 
10 

878 

5*12 

46 

2-14 

1-83 

^•67 

II 

878 

29 

4-63 

47 

2*12 

65 

1-82 

83 

1-67 

;  12 

878   1 

30 

4-15 

48 

2'IO 

66 

I -81 

84 

1-66 

1  '3 

877  ; 

31 

370 

49 

2 -08 

67 

I -80 

85 

1*65 

1  14 

876  ! 

32 

3*32 

50 

2 -06 

68 

179 

86 

1*65 

15 

875 

33 

301  , 

51 

2-04 

69 

178 

87 

1*64 

16 

870 

34 

277  ; 

52 

2*02 

70 

177 

88 

I  64 

17 

8-62 

35 

2*60  , 

53 

2  00 

71 

176 

89 

1-63 

18 

8-50 

36 

2-50 

54 

1-98 

72 

175 

90 

1-63 

19 

8-34 

37 

2-42 

55 

1-96 

:  73 

174 

91 

1*62 

20 

8-14  1 

38 

2-36 

56 

1*94 

74 

173 

92 

1-62 

21 

7-88  ; 

39 

2-32 

57 

1-92 

75 

172 

93 

I -61 

22 

7-60 

40 

2*29 

58 

1-90 

76 

171 

94 

I -60 

23 

7-28 

41 

2*26 

59 

-  1-89 

77 

170 

95 

I -60 

24 

6*92 

42 

2-23 

60 

1-88 

78 

I  69 

96 

1-59 

25 

6*53 

43 

2-20 

61 

1-87 

79 

1*69 

97 

1-59 

26 

6-o8 

44 

2-i8 

62 

1-86 

80 

1-68 

98 

1-58 

j  27 

5-61 

45 

2-i6 

63 

1-85 

81 

1-68 

99 

1-58 

1 
i 

1 

ICX> 

1-57 

In  every  cage,  by  the  two  observations,  viz.,  the  tempe- 
rature of  the  air,  as  shown  by  the  dry  biilb,  and  the  temperature 
of  evaporation,  as  shown  by  the  wet  bulb— or  by  determining 
the  dew-point  directly  by  means  of  a  hygrometer  of  conden- 
sation— ^the  following  physical  numerical  data  may  be  de- 
termined :— 

(i)  The  dew-poini 

(2)  The  elastic  force  of  vapour,  or  the  amount  of  baro- 

metric pressure  due  to  the  vapour  present  in  the 
atmosphere. 

(3)  The  quantity  of  aqueous  vapour  in  a  cubic  foot  of  air. 

(4)  The  additional  vapour  required  to  saturate  a  cubic  foot 

of  air. 

(5)  The  relative  humidity. 

(6)  The  weight  of  a  cubic  foot  of  air  at  the  pressure  pre- 

vailing at  the  time  of  observation. 
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Examples  on  the  calculation  of  some  of  these  data  will  be 
given  in  the  next  chapter. 

211.  Precautions  in  using:  tbe  dry  and  wet  bulb  byirro* 
meter. — Some  precaution  is  required  in  taking  the  observations 
when  the  temperature  of  the  air  is  below  32°.  In  such  cases^  if 
the  wet  bulb  reads  higher  than  the  dry  bulb,  as  sometimes 
happens,  the  observation  is  clearly  valueless,  the  instrument 
being  for  the  time  not  in  proper  working  order.  If  the  water 
on  the  muslin  be  frozen,  the  readings  are  quite  good,  since 
evaporation  takes  place  from  ice  as  well  as  from  water.  But  if 
the  muslin  be  dry  it  must  first  be  wetted,  and  then  allowed  to 
freeze  before  the  observation  is  taken.  A  useful  rule  to  observe 
in  frosty  weather  is  to  immerse  the  bulb  and  conducting-thread 
in  water  after  every  observation,  by  which  sufficient  ice  will  stiU 
be  adhering  to  the  muslin  at  the  time  of  the  next  observation. 
When  the  temperature  of  the  air  rises  above  32°,  the  wet  bulb 
must  be  plunged  into  warm  water  to  melt  any  ice  that  may 
remain  on  it,  after  which  it  must  be  allowed  sufficient  time  to 
cool  before  being  observed. 

To  keep  this  instrument  in  working  order  one  or  two  points 
require  to  be  attended  to.  Both  thermometers  must  be  exactly 
alike,  and  of  the  same  kind  ;  for  if  one  is  filled  with  mercury 
and  the  other  with  alcohol,  jor  if  they  contain  different  quanti- 
ties of  the  same  fluid,  the  readings  will  in  either  case  be 
vitiated.  All  starch  or  foreign  matter  should  be  washed  out  of 
the  muslin  atid  cotton.  The  water  used  should  be  pure  ;  for  if 
lime  be  dissolved  in  it,  the  muslin  will  soon  be  coated  with  a 
calcareous  incrustation.  Rain  or  distilled  water  should  be  used. 
The  muslin  ought  to  be  changed  when  covered  with  dust  or 
other  impurities,  and  care  should  be  taken  not  to  touch  the 
muslin  with  the  fingers,  otherwise  it  will  get  slightly  greased, 
and  capillary  attraction  be  interfered  with.  The  bulbs  of  the  two 
thermometers  should  be  made  to  project  one  and  a  half  or  two 
inches  below  the  scales  ;  the  thermometers  should  also  be  a 
little  apart  from  each  dther,  and  the  glass  vessel,  as  already 
stated,  be  as  far  as  possible  from  the  dry  bulb. 

212.  Indications  of  t&ygrrometers  are  essentially  local. — 
If  the  vapour  of  water  remained  permanently  in  the  atmo- 
sphere, that  is,  if  it  were  not  liable  to  be  withdrawn  from  it  by 
being  condensed  into  rain,  snow,  hail,  &c.,  the  amount  would 
vary  from  time  to  time,  but  at  any  time  the  mixture  of  vapour 
and  air  would  be  as  complete  and  uniform  as  that  of  the  oxygen 
and  nitrogen.  But  the  equilibrium  of  the  vapour  atmosphere 
is  being  constantly  disturbed  by  every  instance  of  condensation, 
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by  the  ceaseless  process  of  evaporation,  and  by  every  change 
of  temperature.  From  this  it  may  easily  be  inferred  that  an 
equal  diflusion  of  the  vapour,  even  over  a  comparatively  small 
area,  can  hardly  ever  take  place.  The  law  of  the  independent 
pressure  of  the  vapour,  and  of  the  dry  a!r  of  the  atmosphere, 
can  thus  not  hold  good  in  general,  although  there  is  a  constant 
tendency  to  approach  a  state  of  equal  dififusion.  But  since  such 
a  state  is  never  reached,  the  observations  of  the  hygrometer 
only  indicate  local  humidity.  Hence  they  should  never  be  re- 
garded as  anything  more  than  approximations  to  the  quantity 
of  vapour  in  the  atmosphere  over  the  place  of  observation. 
Nevertheless,  though  in  particular  cases  the  amount  of  vapour 
indicated  by  the  hygrometer  may  be  wide  of  the  mark,  yet  in 
long  averages  a  close  approximation  is  obtained,  except  in  con- 
fined localities  which  are  exceptionally  damp  or  exceptionally 
dry. 

2 1 3.  Practical  bearing-  of  tbe  dew-point. — As  Mr.  Buchan, 
the  distinguished  scientific  meteorologist,  has  pointed  out,  the 
ascertaining  of  the  dew-point  is  of  great  practical  importance,  par- 
ticularly to  horticulturists,  since  it  indicates  the  point  near  which 
the  descent  of  the  temperature  of  the  air  during  the  night  will 
be  arrested.  For  when  the  air  has  been  cooled  down  by  radia- 
tion to  this  point,  dew  is  deposited  and  latent  heat  given  out. 
The  amount  of  heat  thus  set  free  being  great,  the  temperature 
of  the  air  is  immediately  raised.  But  as  the  cooling  by  radia- 
tion proceeds  the  air  again  falls  to,  or  slightly  under,  the  dew- 
point,  dew  is  now  again  deposited,  heat  liberated,  and  the 
temperature  raised.  The  same  process  continues  to  be  re- 
peated, and  thus  the  temperature  of  the  air  in  contact  with 
plants  and  other  radiating  surfaces  may  be  considered  as  gently 
oscillating  about  the  dew-point.  For  if  it  rises  higher,  the  loss 
of  heat  by  radiation  speedily  lowers  it,  and  if  it  falls  lower  by 
ever  so  little,  the  liberation  of  heat,  as  the  vapour  is  condensed 
into  dew,  as  speedily  raises  it.  Thus  then  the  dew-point  de- 
termines approximately  the  minimum  temperature  of  the  night. 
This  suggests  an  important  practical  use  of  the  hygrometer.  If 
the  dew-point  be  ascertained  the  approach  of  low  temperatures 
or  of  frost  may  be  foreseen  and  provided  against.  Thus,  sup- 
pose on  a  fine  clear  spring  day,  towards  evening,  that  the  dry 
bulb  was  50°  and  the  wet  40°,  the  dew-point  at  the  time  is 
therefore  29'* '4.  Frost  on  the  ground  may  then  be  predicted 
with  certainty,  and  no  time  ought  to  be  lost  in  protecting  such 
tender  plants  as  may  be  exposed  in  the  open  air.  If,  on  the  other 
hand,  with  a  sky  quite  as  clear,  the  dry  bulb  was  50°  and  the 
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wet  47°,  the  dew-point  being  in  this  case  43° '8,  no  frost  need 
be  apprehended.  The  raising  or  depressing  of  the  dew-point 
during  the  night  by  a  change  of  wind  is  the  only  circumstance 
that  can  happen  to  interfere  with  predictions  founded  on  the 
hygrometer. 

214.  Otber  t&ygrrometiio  instrmnents.  — Besides  the  hygro- 
meters of  condensation,  and  those  of  evaporation,  which  have 
been  described  in  the  previous  articles,  instruments  have  been 
devised  for  determining  the  relative  humidity  of  the  air,  based 
on  other  principles. 

Some  of  these  are  founded  on  the  property  which  some 
organic  substances  have  of  elongating  when  exposed  to  moist 
air,  and  of  again  contracting  as  they  become  dry.  Saussure's 
hygrometer  is  the  most  common  form,  although  it  has  never 
been  used  for  scientific  purposes  out  of  France.  It  consists  of 
a  brass  frame  along  which  a  hair  is  fixed  ;  the  upper  end  of  the 
hair  is  fastened  in  a  clamp  provided  with  a  screw,  while  the 
lower  portion  of  the  hair  passes  round  a  pulley  and  supports 
a  small  weight.  On  the  pulley  there  is  a  needle  which  moves 
along  a  graduated  scale.  When  the  hair  becomes  shorter,  in 
a  dry  state  of  the  air,  the  needle  rises,  when  it  becomes 
longer  the  weight  attached  to  the  hair  makes  the  needle  move 
in  the  opposite  direction. 

At  best  such  an  instrument  indicates  only  opposite  states, 
but  can  give  no  indication  as  to  the  quantity  of  vapour  present. 
To  the  same  class  belongs  the  small  apparatus,  formerly  much 
used  as  a  chimney  ornament,  being  a  small  male  and  female 
figure,  so  arranged  in  reference  to  a  little  house  with  two  doors, 
that  when  it  is  moist  the  man  goes  out  and  the  woman  goes  in, 
and  vice  versa  when  it  is  fine.  This  contrivance  is  founded  on 
the  property  which  twisted  strings  or  pieces  of  catgut  possess, 
of  untwisting  when  moisfc  and  of  twisting  again  when  dry. 

Instruments  of  this  kind  are  usually  called  hygrometers  of 
absorption,  or  better  hygroscopes, 

(Jhemical  hygrometers  are  the  only  instruments  for  measuring 
directly  by  experiment  the  amount  of  moisture  in  a  given 
volume  of  air.  The  method  consists  in  passing  a  known 
volume  of  air  over  a  substance  which  readily  absorbs  moisture — 
chloride  of  calcium,  for  instance.  The  substance  having  been 
weighed  before  the  passage  of  the  air,  and  again  afterwards,  the 
increase  in  weight  represents  the  amount  of  aqueous  vapour 
present  in  the  air.  Although  the  correctness  of  the  results 
obtained  by  this  method  is  irreproachable,  yet  each  experiment 
involves  so  many  manipulations  requiring  much  time,  and  so 
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much  practical  experience  and  care,  that  it  is  unsuitable  for 
continued  observations  on  the  changes  in  the  hygrometric  state 
of  the  air. 


CHAPTER  X. 

CHEMICAL   EFFECTS   OF   HEAT. 


215.  Blssooiation. — When  a  few  small  crystals  of  blue 
vitriol  are  gently  heated  in  a  dry  narrow  glass  tube,  or  in  a 
watch-glass  heated  on  a  sand-bath,  they  turn  into  a  white  pow- 
der, while  the  colder  parts  of  the  tube  are  coated  with  drops 
of  water.  Blue  vitriol  is  thus,  by  the  action  of  heat,  broken  up 
into  water  and  a  white  substance.  If  to  this  latter  substance, 
after  it  is  cooled,  a  few  drops  of  water  are  added,  the  white 
colour  is  again  changed  to  the  original  blue,  and  much  heat  is 
evolved  during  this  change  ;  so  that  a  small  thermometer,  in- 
troduced into  the  powder,  woTild  rise  very  considerably  as  soon 
as  the  water  is  added,  both  substances  and  the  thermometer 
being  previously  at  one  and  the  same  temperature,  viz. ,  that  of 
the  surrounding  air. 

This  action  of  heat  is  different  from  both  fusion  and  va- 
porisation. Here  the  change  of  state  of  bodies  induced  by  heat 
is  not  a  physical  change  but  a  chemical  change ;  the  white  pow- 
der and  the  water,  which  result  from  the  action,  were  previously 
to  it  chemically  combined  in  the.  blue  vitriol,  and  it  is  solely 
due  to  the  effect  of  heat  that  two  different  bodies  have  been 
produced.  This  action  is  termed  dissociation,  because  the  one 
substance  (blue  vitriol)  was  decomposed  into  water  and  the 
white  powder,  and  both  these  latter  substances  were  thus 
dissociated. 

The  white  powder  which  remains  is  termed  anhydrous  copper 
sulphate,  for  it  can  be  obtained  from  copper  and  sulphuric  acid. 
Hence  blue  vitriol  consists  of  copper  sulphate  and  water.  Sub- 
stances like  the  blue  vitriol  which  contain  water  are  termed 
hydrated.  The  white  powder  and  the  blue  vitriol  differ  there- 
fore solely  in  this,  that  the  former  is  anhydrous  and  the  latter 
hydrated  copper  sulphate.  The  water  in  the  blue  vitriol  is 
essential  to  the  crystalline  form  of  the  latter,  for  the  experiment 
shows  that  the  expulsion  of  the  water  also  destroyed  the  crystal- 
line form.  Hence  such  water  is  often  termed  water  of  crystallisa- 
tion, and  it  can  always  be  expelled  by  proper  heating.  All  crystal- 
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Used  substances  which  contain  water  of  crystallisation  may 
therefore  be  dissociated,  that  is,  they  can  be  decomposed  by  heat 
alone  :  the  water  of  crystallisation  will  be  expelled,  and  an 
anhydrous  residue  will  remain.  Some  substances — for  example, 
alum,  borax,  and  others — first  apparently  fuse  when  heated,  but 
the  fusion  lasts  only  as  long  as  they  yield  up  their  water  of 
crystallisation  ;  when  all  the  water  has  been  expelled,  the  white 
residue  remains  solid,  and  is  generally  infusible.  The  fusion  in 
the  water  of  crystallisation  is  termed  aqueous  fusion  ;  the  true 
fusion  is  distinguished  from  it  as  ignemcs  fusion. 

The  dissociation  of  the  blue  vitriol  may  be  carried  farther 
than  the  separation  of  the  water  of  crystallisation.  If  pulver- 
ised blue  vitriol  is  heated  on  a  small  platinum  dish  or  porcelain 
capsule,  directly  over  the  flame  of  a  suitable  gas  burner,  so  as 
to  be  exposed  to  a  red  heat,  it  will  rapidly  turn  white  by  the 
above  dissociation  and  continue  to  change  in  colour  through 
brown  to  black.  The  black  substance  remaining  is  called  copper 
oxide,  and  may  be  simply  obtained  by  heating  copper  in  a 
flame.  The  white  jwwder  has  thus  lost  something  by  further 
heating,  which  may  be  termed  ahhydrous  sulphuric  acid,  that 
is  further  dissociation  has  taken  place.  At  this  stage,  however, 
there  is  a  limit  reached  to  the  further  action  of  heat  alone,  for 
by  merely  heating  the  black  copper  oxide  it  has  not  yet  been 
further  dissociated.  However,  it  is  not  doubted  that  exposure 
to  a  sufficiently  high  temperature  will  dissociate  it  again,  leaving 
metallic  copper ;  but,  as  stated,  this  dissociation  has  so  far 
never  been  accomplished. 

216.  General  obemioal  effecti  or  beat. — It  will  be  seen 
from  the  preceding  experiments  that  heat  appears  in  general 
to  have  a  tendency  to  counteract  that  force  by  which  chemical 
compounds  are  supposed  to  be  formed  and  their  constituents 
held  together ;  in  other  words,  that  heat  and  chemical  affinity 
have  an  antagonistic  relation  to  each  other.  While  on  one  hand 
chemical  compounds  are  dissociated  by  heat  alone,  the  latter 
part  of  the  first  experiment  proves,  that  on  the  other  hand  heat  is 
produced  when  chemical  compounds  are  formed  by  the  com- 
bination of  their  constituents.  The  conclusions  to  which  the 
above  experiments  would  lead  are,  however,  by  no  means  gene* 
rally  correct,  as  will  be  seen  farther  on.  Of  late  years  con- 
siderable attention  has  been  given  to  those  relations  existing 
between  chemical  action  and  the  manifestation  of  that  force  we 
call  heat ;  and  as  the  fundamental  result  of  these  investigations, 
it  may  be  stated  generally  that  no  chemical  action  whatever  tdhes 
place  withoiU  development  or  absorption  of  heat.    From  certain 
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principles,  which  will  be  discussed  farther  on  in  the  chapter  on 
the  nature  of  heat,  it  will  become  apparent  that  if  there  be  no 
manifestation  of  any  other  force,  such  as  electricity  or  light,  or 
any  change  in  the  physical  conditions  of  the  substance,  as  from 
the  solid  to  the  liquid  or  gaseous  state,  the  amount  of  heat  de* 
veloped  must  be  the  true  measure  of  the  chemical  action,  thus 
furnishing  an  accurate  means  of  ascertaining  the  amount  of 
force  put  in  operation  in  different  cases  of  chemical  action,  and 
consequently  of  comparing  them  with  one  another.  At  present, 
however,  owing  to  the  many  complications  introduced  by  phy- 
sical changes,  only  a  comparatively  few  simple  relations  have 
been  anything  like  thoroughly  investigated. 

In  order  to  compare  the  results  some  standard  unit  must  be 
employed  ;  that  which  is  generally  adopted  in  these  investiga- 
tions is  the  amount  of  heat  necessary  to  raise  one  gramme  of 
water  1°  C,  usually  termed  the  Gramme-Degree  thermal  unit 
(see  Art.  95,  p.  97).  Thus  100  grammes  of  water  raised  10°  C, 
or  200  grammes  raised  5°  C,  or  250  grammes  raised  4°  C,  would 
each  represent  1000  thermal  units.  Many  of  the  effects  of  heat, 
however,  do  not  as  yet  admit  of  measurement. 

217.  Znflnence  of  temperature  on  ebemical  attractton. — 
Elevation  of  temperature  frequently  augments  the  tendency  to 
combination  between  bodies  which  are  submitted  to  its  influence : 
for  example,  sulphur  or  charcoal  may  be  preserved  for  an  in- 
definite period  at  ordinary  temperatures  in  air  or  in  oxygen, 
without  change  ;  but  if  sulphur  be  heated  to  260°  C. ,  and  char- 
coal to  a  point  a  little  below  a  red  heat,  oxidation  commences, 
and  proceeds  with  such  energy  that  the  substance  inflames.  It 
not  unfrequently  happens,  however,  that  a  moderate  elevation 
of  temperature  produces  combination,  whilst  a  higher  tempera- 
ture destroys  the  compound  so  formed  ;  as,  for  example,  in  the 
action  of  oxygen  upon  mercury.  At  ordinary  temperatures  this 
metal  shows  no  disposition  to  combine  with  oxygen,  for  it 
evaporates  in  air  and  becomes  condensed  again  in  the  metallic 
form  ;  but  at  a  temperature  approaching  370°  C,  or  a  little 
above  the  boiling  point  of  the  metal,  it  combines  gradually 
with  oxygen,  and  becomes  converted  into  the  red  oxide  ;  whilst 
at  a  somewhat  higher  temperature  it  is  again  decomposed  into 
gaseous  oxygen  and  vapour  of  mercury.  Again,  baryta  at  a 
red  heat  absorbs  a  second  atom  of  oxygen,  forming  baric  per- 
oxide, but  the  second  atom  of  oxygen  is  expelled  again  by  a 
full  white  heat,  and  the  compound  is  reconverted  into  baryta. 
A  mixture  of  oxygen  and  hydrogen  may  be  preserved  unchanged 
at  ordinary  temperatures,  but  the  introduction  of  a  glass  rod 
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2  f  ^,  Isflaenea  of  liest  mi  citaMBBleal  acpf  attorn. — ^Ahbongh, 
tpi  }tsut  W;n   nhown  in  the  preceding  instances,   eleTation  of 
U'Au\HfrH,UiTH  fn^juently  aasistn  combination,  yet  in  many  in> 
nisiUi'Arn  it  ha«  'juite  the  opposite  effect :  as,  f<Hr  example,  in  the 
hxiHrrimani  with  blue  vitriol.     This  action  of  heat  is  no  donbt 
iitui  i/t  a  ^<.'at  fsxitsnt  to  the  mechanical  effect  of  heat  in  separat- 
iim  ih<f  tjliirnaie  AUjnin  of  which  matter  is  composed,  and  from 
iUti  ^njfttijr  frtU'Afftn  of  motion  amongst  the  particles,  permitting 
iho  stUfUiH  Uf  r<;arrange  themselves  in  new  and  more  stable  com- 
\t\tmi'tottn ;  iha  degree  of  mobility  varying  with  the  temperature, 
f^or  example,  olefjant  gas  at  a  full  red  heat  loses  half  its  carbon^ 
find  IM  eonvert<;d  into  light  carburetted  hydrogen  ;  and  this  gas, 
if  Mubjeided  Up  a  white  boat,  de^Kmits  the  remainder  of  its  carbon, 
leaving  pure  liydrogeii.     Potassic  chlorate  at  a  moderate  heat 
in  deeotiipoNed  into  perchlorate,  and  .probably  into  chlorite  ;  the 
liitter  Malt,  however,  is  iinmodiately  resolved  into  oxygen,  and 
Min  more  Nta)»Ie  potasHic  chloride  is  the  final  result.     Organic 
(OiemiMtry  enpeeially  nboundH   in   instances  of   this  kind.       A 
fiirl-lier  illimtnilJon  of  this  point  i»  afforded  by  the  different  pro- 
dtieU  wliiiili  are  ftirniHlie<l  l)y  the  combustion  of  the  same  body 
111.  dilFereni  UMupijraiiireR.     When  a  jet  of  cyanogen  is  burned 
willi  It  free  Muppiy  of  air,  the  only  products  of  the  combustion 
lire  «Mirb«ini«  iieid  and  nitrogen  ;  but  if  a  coil  of  red-hot  platinum 
\vir(«  bo  MUNponded  in  a  mixture  of  equal  volumes  of  cyanogen 
nml  oxygon,  the  nitn>gon  undergoes  oxidation  as  well  as  the 
otirbon,  nitrio  oxide  being  formed,  as  is  shown  by  the  appear- 
nm«o  of  ruddy  funu>«,  owing  to  the  combination  of  the  nitric 


CHEMICAL  EFFECTS  OF  HEAT.  259 

oxide  with  free  oxygen.  In  a  similar  manner,  ether,  when 
burnt  freely  in  air,  produces  carbonic  acid  and  water  ;  but  if  a 
glowing  coil  of  platinum  wire  be  suspended  in  a  mixture  of 
ether  and  atmospheric  air,  several  new  products  are  formed, 
among  which  are  aldehyd  and  acetic  acid. 

219.   Dissociation    of    graseous     compounds.  —  When    a 
rapid  current  of  carbonic  acid,  mixed  with  steam,  is  transmitted 
through  a  porcelain  tube  of  2  inches  or  2  J  inches  in  diameter, 
which  has  been  filled  with  clean  and  previously  ignited  frag- 
ments of  porcelain,  and  the  tube  is  heated  intensely  in  a  blast- 
furnace or  forge,  it  is  foimd  that  the  gas  which  is  left,  after 
absorbing  the   excess   of   carbonic   acid  by  means  of  caustic 
potash,  consists  of  an  explosive  mixture  of  oxygen,  hydrogen, 
carbonic  oxide,  and  nitrogen.  Water  has  here  been  decomposed 
into  its  constituents,  part  of  the  liberated  hydrogen  has  exerted 
a  reducing  axjtion  on  the  carbonic  acid,  and  part  of  the  hydrogen 
has   escaped  re-oxidation  by  its  copious   dilution  with  othel: 
gases.     The   presence   of  nitrogen  is   due  to  the  entrance  of 
atmospheric  air  ;  for  however  carefully  the  gases  are  prepared, 
it  is  nearly  impossible,  in  an  experiment  of  this  kind,  which 
lasts  for  a  couple  of  hours,  to  exclude  the  air  perfectly.     A  still 
larger  proportion    of    the  explosive   mixture   is    obtained  by 
placing  a  tube  of  porous  earthenware  in  the  axis  of  a  shorter 
but  wider  tube  of  glazed  porcelain,  fitting  them  air-tight  with 
corks,  and  passing  a  current  of  any  gas  at  pleasure  through  the 
inner  tube,  and  through  the  interval  between  the  two  tubes.    By 
a  suitable  arrangement  of  glass  tubes,  the  gases  may  be  collected 
from  either  tube  separately,  and  the  effects  of  heating  the  tubes 
can  be  observed  upon  the  issuing  gases.  For  example,  if  the  tube 
be  heated  to  from  1100°  to  1700°  C,  and  a  current  of  steam  be 
passed  through  the  inner  tube,  whilst  carbonic  acid  is  passed 
through  the  outer  tube,  an  explosive  mixture,  similar  to  that 
already  described,  is  obtained,  but  in  larger  quantity.     The 
hydrogen,  afthe  moment  that  it  is  liberated  by  the  effect  of 
heat  from    its    combination  with    oxygen,    at    once   becomes 
diffused  through  the  porous  tube  into  the  outer  one,  and  there 
reduces  the  carbonic  anhydride,  whilst  the  less  diffusible  oxygen 
passes  on.     In  like  manner,  if  a  brisk  current  of  pure  carbonic 
acid  be  passed  through  a  porcelain  tube  filled  with  fi^agments 
of  porcelain,  and  the  temperature  be  raised  to  1200°  C,  after 
absorbing  the  carbonic   acid,    a  mixture   of   two   volumes   of 
carbonic   oxide  and  one  of  oxygen,   with  a  little  nitrogen,  is 
obtained.     It  is  this  kind  of  partial  decomposition  at  elevated 
temperatures  for  which  Deville  proposed  the  name  of  dissocia- 
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tion.  During  the  occurrence  of  this  phenomenon  an  absorption 
of  heat  takes  place,  exactly  corresponding  to  the  force  necessary 
to  overcome  the  chemical  attraction  of  the  two  elements.  The 
dissociation  of  compound  gases  has  been  carried  still  farther. 
Carbonic  oxide  may  be  I'esolved  into  carbon  and  carbonic  acid 
by  the  following  arrangement : — ^A  porcelain  tube  is  placed 
across  a  furnace,  the  temperature  of  which  can  be  raised  very 
high.  In  the  axis  of  this  tube  is  supported  a  thin  brass  tube  of 
about  one-third  of  an  inch  in  diameter,  through  which  a  current 
of  water  is  kept  flowing.  Through  the  outer  tube  a  current  of 
pure  carbonic  oxide  is  maintained,  transmitting  from  4  to  6 
litres  (from  250  to  350  cubic  inches)  of  the  gas  per  hour.  The 
porcelain  tube  is  gradually  raised  to  bright  redness,  and  on 
causing  the  escaping  gas  to  .pass  through  baryta  water,  a  pre- 
cipitate of  baric  carbonate  is  gradually  formed,  and  a  layer  of 
black  carbon  is  deposited  upon  the  imder  surface  of  the  brass 
tube,  where  the  current  of  ascending  heated  gas  strikes  against 
the  cooled  metal.  A  similar  decomposition  may  be  effected  by 
passing  a  succession  of  electric  sparks  through  carbonic  oxide 
over  mercury,  upon  which  a  few  drops  of  concentrated  solution 
of  potassic  hydrate  have  been  placed  to  absorb  the  carbonic  acid 
as  it  is  formed. 

When  instead  of  carbonic  oxide  pure  and  dry  sulphurous 
acid  is  passed  through  the  porcelain  tube,  the  gas  becomes 
partially  resolved  into  sulphur  and  sulphuric  acid  (anhydrous). 
The  interior  metallic  tube  in  this  case  was  made  of  copper 
thickly  plated  with  a  voltaic  deposit  of  silver.  If  this  tube  be 
amalgamated,  and  a  current  of  pure  and  dry  hydrochloric  acid 
gas  be  passed  through  the  ignited  porcelain  tube,  heated  to  at 
least  1500°  C.,  whilst  the  temperature  of  the  metallic  tube  is 
reduced  below  50°,  a  deposit  of  choride  of  mercury  and  chloride 
of  silver  is  formed  in  a  few  hours,  and  a  small  quantity  of 
hydrogen  may  be  collected.  Decomposition  of  hydrochloric 
acid  gas  may  be  effected  to  a  small  extent  by  the  continuous 
discharge  of  electric  sparks  for  three  or  four  days  through  the 
dry  gas,  and  with  sulphurous  acid  the  experiment  is  very  eas}"-. 
Carbonic  acid  is  also  readily  decomposed  by  the  heat  of  the 
electric  spark  if  a  little  piece  of  phosphorus  is  passed  up  into 
the  tube  to  absorb  the  oxygen  as  fast  as  it  is  libei*ated. 

220.  Retardatton  of  ot&emieal  action  by  loweringr  the 
temperature, — Whilst,  on  one  hand,  elevation  of  temperature 
tends  to  increase  chemical  attraction,  so,  on  the  other  hand, 
chemical  attraction  is  diminished  by  reduction  of  temperature. 
It  has  been  shown  by  Sclirotter,  that  by  a  sufficient  degree  of 


CHEMICAL  EFFECTS  OF  HEAT.  261 

cold,  chemical  combination  may  be  prevented  even  between 
bodies  which  at  the  ordinary  temperature  of  the  air  unite  with 
each  other  with  great  energy.  Chlorine,  for  example,  combines 
with  phosphorus,  or  with  finely-divided  metallic  antimony  or 
araenicum,  with  such  violence  that  these  bodies  take  fire 
spontaneously  in  an  atmosphere  of  the  gas  ;  but  if  the  chlorine 
be  cooled  down  to  — 76°'i,  by  means  of  a  bath  of  solid  carbonic 
acid  and  ether,  it  remains  liquid  at  the  ordinary  pressure  of  the 
air,  and  it  is  then  quite  indifferent  to  phosphorus,  arsenicum, 
or  antimony,  provided  these  substances  be  cooled  to  the  same 
temperature  before  they  are  introduced  into  the  liquid  chlorine. 
When  the  tube  in  which  the  mixture  is  contained  is  withdrawn 
from  the  cold  bath,  the  evaporation  of  the  chlorine  occurs  with 
sufficient  rapidity  to  preserve  the  temperature  below  the  point 
of  combination  ;  but  if  the  free  escape  of  the  chlorine  be  pre- 
vented, the  temperature  rises  and  combination  occiuis  with 
explosive  violence.  The  mutual  action  of  other  substances  of 
great  mutual  affinity — for  example,  of  chlorochromic  acid  and 
alcohol,  of  chlorine  and  ammonia,  of  iodine  or  of  bromine  and 
phosphorus,  and  various  other  attractions  of  a  similar  Idnd — 
may  be  prevented  in  the  same  way. 

From  the  experiments  described  in  this  and  the  preceding 
article,  we  may  infer  the  following  principle  as  most  probably 
generally  true.  When  two  bodies  have  a  chemical  attraction 
for  each  other,  there  is  a  certain  range  of  temperature  within 
which  they  will  enter  into  combination  ;  but  if  the  temperature 
be  raised  or  depressed  beyond  a  certain  limit,  their  mutual 
attraction  is  suspended,  and  at  high  temperatures  the  com- 
pound already  formed  may  be  destroyed.  The  temperature 
most  favourable  for  combination  varies  with  each  pair  of  bodies, 
and  it  seems  to  be  probable  that  there  is  for  each  a  certain 
temperature  in  which  the  maximum  of  attraction  exists,  and 
above  and  below  which  it  decreases. 

221.  General  remarks  on  dissociation  or  tbennolysls. 
— The  relations  of  heat  and  chemical  action,  as  has  already  been 
stated,  may  be  classified  under  two  distinct  heads,  ist,  Heat 
induces,  modifies,  or  destroys  chemical  aflinity.  2nd,  Chemical 
action  is  a  source  of  heat.  Some  of  the  phenomena  belonging 
to  the  first  class  of  phenomena  have  been  described  in  the 
preceding  articles  ;  but  for  a  more  extended  insight  into  them 
the  student  must  consult  larger  works  on  chemistry,  such  as 
Miller's  *  Chemistry '  and  Watts'  *  Dictionary  of  Chemistry^' 
from  both  of  which  the  facts  contained  in  this  chapter  have 
been  principally  gleaned.     The  phenomena  in  which  chemical 
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action  is  a  source  of  heat  will  be  described  farther  on.  The 
term  '  dissociation '  was  originally  applied  to  signify  the  separa- 
tion of  a  compound  into  its  elements,  ultimate  or  proximate,  by 
the  agency  of  heat  alone.  It  has  sometimes  been  used,  as 
previously  mentioned,  to  denote  more  especially  those  decom- 
positions  by  heat  in  which  only  a  partial  separation  of  the 
constituents  takes  place  ;  but  the  original  signification  is  the 
most  convenient,  and  is  most  generally  adopted.  As,  however, 
*  dissociation  '  might  be  applied  equally  well  to  the  separation 
of  a  mass  into  its  constituent  particles,  similar  or  dissimilar,  by 
mechanical  or  any  other  means,  it  has  been  proposed  to  replace 
it  by  the  more  specific  term  Thermolysis. 

An  essential  condition  of  thermolysis  is  that  one  or  both  the 
constituent  elements  be  capable  of  assuming  the  gaseous  state  ; 
compounds  like  borates  and.  silicates,  both  whose  constituents 
are  fixed  in  the  fire,  are  never  decomposed  by  heat  alone. 
Another  e.^sential  condition  of  thermolysis  is  that  the  con- 
stituents of  the  compound  shall,  in  combining,  have  given  out 
heat ;  ana  the  process  of  thermolysis  consists  ill  restoring  to  the 
elements  tho  heat  wnich  they  have  lost  in  combination.  When 
I  gramme  of  hydrogen  gas  unites  with  8  grammes  of  oxygen  to 
form  water,  a  quantity  of  heat  is  evolved  capable  of  raising  the 
temperature  of  34,462  grammes  of  water  by  1°  C,  the  two  gases 
and  the  water  produced  being  supposed  to  be  at  the  tempera- 
ture of  0°  C.  Whence  is  this  heat  derived  ?  It  did  not  pre- 
exist in  the  gases  as  heat,  at  least  not  as  sensible  or  communi- 
cable heat ;  but  the  gases  in  combining  have  lost  that  peculiar 
movement  of  their  atoms  and  molecules  which  is  the  essential 
condition  of  the  gaseous  state,  and  have  been  converted  into 
the  much  less  volatile  compound — water.  Now  it  is  just  this 
quantity  of  motion  which,  in  the  act  of  combination,  is  con- 
verted into  sensible  heat,  amounting  to  34,462  thermal  units  ; 
and  if  the  water  is  to  be  resolved  into  its  constituents,  these 
34,462  units  of  heat  must  be  restored  to  the  elements,  and 
reconverted  into  the  kind  of  motion  which  is  essential  to  the 
gaseous  state. 

Another  feature  of  thermolysis  is  that  it  takes  place  with 
greater  facility  in  proportion  as  the  elements  of  a  compound 
differ  more  widely  from  one  another  in  their  chemiciJ.  cha- 
racters ;  thus  the  antimonide  of  hydrogen  is  decomposed  by 
neat  more  easily  than  the  arsenide,  and  this  more  easily  than 
the  sulphide.  The  oxides  of  the  noble  metals  are  very  easily 
resolved  into  their  elements  by  heat.  When  such  an  oxide  is 
reduced  by  hydrogen,  less  heat  is  produced  than  when  the 
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hydrogen  combines  with  free  oxygen,  because  the  latter,  in  its 
state  of  combination  as  oxide,  has  lost  its  gaseous  form  and  the 
molecular  movement  belonging  thereto.  The  peroxides  of  lead 
and  maganese  are  resolved  by  heat  into  free  oxygen  arid  lower 
oxides  ;  and  it  is  conceivable  that  at  a  higher  temperature  they 
might  be  resolved  into  oxygen  and  metal.  Carbon  disulphide 
is  resolved,  by  the  heat  of  an  electro-ignited  platinum-spiral, 
into  sulphur  and  carbon,  the  decomposition  being,  however, 
attended,  not  with  absorption,  but  with  emission  of  heat.  This 
apparent  anomaly  is  explained  by  the  fact  that  the  carbon  and 
sulphur,  in  combining  together  at  a  white  heat,  pass  from  the 
solid  to  the  gaseous  state,  and  absorb  heat.  A  gramme  of  carbon 
disulphide  in  burning  in  oxygen  develops  222  units  more  than 
its  elements  in  the  free  state  ;  it  must,  therefore,  in  the  act  of 
combination,  have  taken  up  molecular  movement,  and  it  is  in 
consequence  of  this  that  the  compound  is  much  more  volatile 
than  either  of  its  constituents.  The  main  points  in  the  theory 
of  thermolysis  may  be  summarised  as  follows  : — 

1 .  Thermolysis,  or  dissociation,  is  the  process  opposite  to 
chemical  combination  ;  the  gaseous  constituent  of  the  compound 
resuming  its  molecular  movement  in  the  form  of  heat,  and  trans- 
forming it  into  a  new  form  of  movement  which  it  had  lost  in  the 
act  of  combination. 

2.  The  quantity  of  heat  taken  up  by  the  separated  con- 
stituents is  equal  to  that  which  they  had  lost  in  combiuing. 

3.  Compounds  not  containing  any  volatile  constituent  cannot 
be  decomposed  by  heat. 


CHAPTER  XI. 


APPLICATIONS  OF  THE  PEBCBDING  PRINCIPLES   (INCLUDING 

PBOBLEMS.) — A.  Expansion. 

222.  Praotioal  ealcalatlons  Involvingr  the  use  of  co- 
effioients  of  linear  expansion. 

1.  The  linear  magnitude  of  a  body  at  0°  is  l  ;  at  t°  it  is  l'. 
What  is  the  coefficient  of  linear  expansion  of  the  substance  of 
the  body  ? 

Coefficient  of  expansion  «  — ^- 

t  .  h 

2.  The  length  of  a  wrought-iron  rail  at  0°  is  2*5  metres; 
what  is  its  length  at  30°  C.  ? 
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The  coefficient    of     linear  expansion    being  in    this  ca^e 
=  o'ocxx5ii,  we  shall  have 

length  of  bar  at  30°  =  2-5  (i  +  o'coooi  i  x  30) 

=  2  '50083  metres. 

3.  A  rod  of  zinc  at  0°  0.  is  '3  metres  long  ;   find  its  length 
at  40°  C. 

The  coefficient  of  linear  expansion  of  zinc  being  =  0*00003, 

.  • .  length  of  bar  at  40°  =-3(1  +  o'oooo  x  40) 

=  0*3004  metres. 

4.  The  length  of  the  bar  at  t^  is  l,    the  coefficient  of    ex- 
pansion being  a.     What  will  be  the  length  of  the  bar  at  t'°? 

the  length  is  found  from  the  proportion  : . 

L:x::i+a*:  i+at' 

.-.length  at  <'°  =  L  i±^. 

From  this  formula,  by  actually  dividing,  we  obtain  the  length 

at  <°  =  L/i  \-a{t'-t)  \. 
\        itat    )' 

or,  neglecting  a  t,  which  is  a  very  small  quantity  if  the  tempe- 
rature lies  between  0°  and  100°,  we  obtain 

length  at  f «» =  L  (i  +  a  («' - i)  ), 

which  is  more  easily  calculated  and  very  approximately  correct. 

5.  A  brass  rod  is  *5  metre  long  at  40°  C.  ;  what  will  be  its 
length  at  0°  C.  ?    Let  ar  be  the  required  length  at  0°. 

From  o*5  =x  (i  +  0*0000192  x  40)  follows 
jB  =  o*4996i6  metre. 

6.  What  must  be  the  length  of  a  brass  rod  at  1 5°  C.  in  order 
that  at  0°  C.  it  may  be  exactly  2  metres  long  ? 

35  =  2(1  +0*0000192  X  15)  =  2*000576  metres. 

7.  A  tube  of  cast  iron  is  2  metres  long  at  20°  C.     What  will 
be  its  length  at  100°  C.  ? 

flc  =  2  (i  +  0*00001 1  X  80) »  2*00176  metres 

approximately,  using  the  shorter  formula  of  (4). 

8.  A  glass  rod  has  a  length  of  2  metres  at  25*^  C.  ;  find  its 
len^h  at  400°  C. 

By  the  first  formula  of  (4)  we  shall  have  : — 

«  =  2  (I  t?lo?99?86i  X  400X  ^2.006456  metres. 

Vl +0*00000861  X  25   / 
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9.  A  bar  of  metal,  7  metres  long,  expands  exactly  as  much 
as  a  bar  of  another  metal  which  is  9  metres  long,  when  both  are 
heated  through  the  same  range  of  temperature.  If  the  co- 
efficient of  expansion  of  the  first  metal  is  =  — ,  what  is  the  co- 

735 
efficient  of  expansion  of  the  second  metal  ? 

Let  K  ]>e  the  co-efficient  of  expansion  of  the  second  metal, 
then  : 

KX9  =  -^5^X7 


9x735    945 

10.  A  bar  of  metal,  of  which  the  coefficient  of  linear  ex- 
pansion is  7^4,  has  at  0°  a  length  of  2  metres.  What  length  must 
another  bar  have,  made  of  a  metal  of  which  the  coefficient  of 
expansion  is  jj^,  in  order  that  both  bars  may  expand  equally 
for  one  degree  of  elevation  of  temperature  ? 

If  I  be  the  length  of  the  second  bar,  then 

I  X —  2  X  - — 

1 1 50  754 

l  =  3'o$o  metres. 

11.  At  a  given  temperature  an  iron  pendulum  of  length  3*167 
feet  beats  seconds  ;  how  many  oscillations  less  per  day  will  it 
make  when  the  temperature  has  risen  20°  C.  ? 

In  general,  let  L  =  the  length  of  the  pendulum  beating  seconds, 
and  let  in  consequence  of  expansion  the  length  l  be  increased 
by  a  small  quantity  =.d  ;  how  many  oscillations  less  will  it  now 
make  per  day  ? 

Let  the  number  of  oscillations  per  day,  viz.  86400,  made  by 
a  correct  pendulum,  be  denoted  by  n,  and  the  number  of  oscil- 
lations made  less  per  day  by  the  elongated  pendulum  be  denoted 
by  n.  Now  it  is  shown  in  the  treatise  on  Mechanics  in  this 
series  (see  chap,  on  the  Pendulum),  that  the  lengths  of  two  pen- 
dulums are  in  the  inverse  ratio  of  the  squares  of  the  number  of 
oscillations  mad§  by  them  ift  the  same  time,     Hence, 

j4  +  d  :  i,::ic'  j  {^^nft  ov 
=-— i — -  «  I  +  -    -I-  .  .  .  ( by  division) 

Neglecting  the  higher  powers  of  -^,  we  may  take 

L4  d  2  n  dix 

L  If  2  L 
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Substituting  the  proper  values  given  in  the  above  particular 
case,  and  conitidering  that  the  inerease  in  length  of  the  pendulum 
is  equal  to  the  length,  multiplied,  by  the  increase  in  temperature 
and  by  the  coefficient  of  expansion  of  iron,  we  obtain 

2"  3-167 
=  9 'S04  oscillations. 
A  circular  disc  of  iron  (coefficient  of  linear  expansion 
75  metres. 


What  will  be 


12)  has  at  0°  a  diameter  of 
the  surface  of  the  disc  at  6o°C.  ? 

If  8  =  the  aiirface  at  60°,  then  by  geometry  ; 

a  =  jrr°,  r  being  the  seini-dianiet«T,  and  ?r  =  3'i4i6. 
But  if  s -^  semi-diametec  at  0°,  then 
r  =  R<i  +  o-ooooi22x6o) 
s  -  3-14(6(1  ■3;5)'' (1+0-0000122x60)" 
or,  s  -  5  -9483  square  metres. 

223.  Compenaatliiii  af  pendnlnmB  for  tampera.tnn. — The 
variation  of  temperature  involves  a  lengthening  or  shortening 
of  the  pendulums  of  clocks,  and  as  will  be  seen 
fi^Jm  problem  (i  i)  in  the  preceding  article,  an 
alteration  of  the  rate.  In  the  better  kinds  of 
clocks  the  variation  of  temperature  is  guarded 
against  by  the  use  of  what  is  called  a  compen- 
sation pendulum.  A  common  form  is  Harri- 
son's gridiron  pendulum,  shown  in^.  83.  Its 
construction  depends  on  the  principle  of  the 
Hnsgiio!  i-ate  of  expansion  of  different  metals. 
If  a  pendulum  wore  constructed  with  a  single 
met^lic  rod,  its  rate  of  vibration  would  con- 
stantly change  with  every  alteration  of  tem- 
perature ;  but  by  a  combination  of  steel  and 
brass  rods,  s,  b,  arranged  alternately,  and  of 
such  length  that  the  expansion  or  contraction 
of  the  steel  rods  may  be  exactly  neutralised 
by  the  contraction  or  expansion  of  the  brass 
ones,  the  influence  of  variation  of  temperature 
may  be  excluded.  To  imderatand  the  action  of 
the  pendulum,  let  o  be  its  centre  of  oscillation, 
that  is,  let  a  o  represent  the  length  of  an 
equivalent  simple  pendulum  beating  correctly 
seconds.      With  a  rise  of  temperature,  and 


I 


Fig.  83. 


especially  throughout  the  summer,  the  steel  rods  will  expand. 
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but  they  are  so  fixed  that  in  expanding  the  bob  c  is  carried  down- 
wards, the  centre  bar  of  steel  passing  freely  through  the  two 
crossbars  below,  but  being  fix:ed  securely  above.  The  conse- 
quence is  that  the  point  o  is  lowered  exactly  by  a  quantity  which 
depends  on  the  length  of  the  bars,  the  coefficient  of  linear  ex- 
pansion of  steel,  and  the  rise  of  temperature.  But  the  brass 
rods  also  expand,  and  since  they  are  securely  fixed  above  and 
below,  when  they  expand  the  effect  is  to  raise  the  lowest  of  the 
upper  crossbars,  which  carries  the  steel  rod  to  which  the  bob  is 
attached.  Hence,  if  the  length  of  these  pieces  is  properly  ad- 
justed, the  amount  by  which  the  bob  is  raised  may  be  made 
exactly  to  equal  the  amoimt  of  lowering  downwards,  and  thus, 
the  bob  being  kept  in  the  same  position  at  every  change  of 
temperature,  the  length  a  o  will  remain  unchanged.  In  winter, 
in  like  manner,  if  the  effects  of  contraction  of  the  steel  bars 
in  one  direction  is  exactly  balanced  by  the  efiect  of  contraction 
of  the  brass  bars  in  the  opposite  direction,  the  length  of  the 
pendulum  will  likewise  be  preserved. 

Let  L  =  the  required  length  of  the  pendulum. 
Lj,  L2  =  the  required  length  of  the  steel  and  brass  bars  re- 
tti,  ttg  =  their  coeflicients  of  expansion.  [s^ectively. 

Then  L  =  Lj  -  -  Ljj (i),  and  the 

expansion  downwards  of  Lj  for  any  rise  of  temperature  —  L^a^t 
,,         upwards      of  l^        ,,         ,,         „         ,,        =L2a2<, 

but  we  must  have  Lj  ctj  <  -  Lg  a,  ^  or  Lj  aj  =  Lj  aj  .  .   .  (2). 
From  the  two  equations  L  =  Li  —  Lg  .  .  .  (i) 

^i«i  =  i'2«2-  •  •  (2) 
follows  a^  L  —  aj  Lj  =  —  tti  Lg  (multiplying  by  a^) 

^1  "1  ~.^2  ^2> 


adding  a^  L  =  l,  a2  —  a^  Lj  =  L^  {a^  —  a^)  or  Lj  =  L  — * 
multiplying  (i)  by  a^  we  have 


%-«2 


L  ttj  ==  ^1  ^2  —  ^2  ^2 

111     CL*    '^  Jjn    Cto) 


adding  L  a^  +  L^  a^  —  L^  a^ 

L  rxg  »  Lj  (ttj  —  ttj)  or  Li   =  L — ^—  , 


For  steel  and  brass  ^  =  -7^^  =  -  nearly 

«3     18555     3 

. ' .  Lq  "  length  of  brass  «  L  .  2 
Lj « length  of  steel  •«  l  .  3. 


«3-«l 
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224.  Oraliam's  merenrial  oompensattBff  penduliun. — This 
pendulum  consists  of  an  iron. rod  carrying  at  its  lower  end  a 
frame  in  which  are  fixed  one  or  two  glass  cylinders  containing 
mercury.  When  the  temperature  rises,  the  lengthening  of  the 
rod  lowers  the  centre  of  gravity  and  centre  of  oscillation  of  the 
whole ;  but  the  expansion  of  the  mercury  raises  on  the  other 
hand  both  the  centre  of  gravity  and  centre  of  oscillation,  and 
thus  produces  the  contrary  effect.  It  follows  that  the  quantity 
of  mercury  in  the  cylinder  must  be  such  as  to  produce  an  ap> 
proximately  perfect  compensation. 

If  the  length  of  the  pendulum  beating  seconds  exactly  be 
L,  the  height  of  the  mercury  in  the  cylinder  may  be  expressed 
as  a  fraction  of  l,  in  order  that,  wider  the  simultaneous  expan- 
sion by  heat  of  the  glass  rod  and  the  mercury,  the  point  of 
oscillation  may  remain  at  the  same  distance  from  the  point  of 
suspension.  For,  let  a  be  the  coefficient  of  expansion  of  the 
substance  of  the  rod  which  carries  the  frame,  a^  the  coefficient 
of  apparent  expansion  of  mercury,  and  x  the  height  of  the 
mercury  in  the  vessel. 

Then  l  •  a  is  the  quantity  by  which  the  centre  of  oscillation 
is  lowered  if  the  temperature  rises  one  degree  ;  similarly,  if  we 
assume  the  centre  of  oscillation  to  be  approximately  at  the 
middle  of  the  mercurial  cylinder  in  the  vessel,  this  point  will  be 

raised  upwards  through  a^  .  -  for  a  rise  of  one  degree  of  tem- 
perature.    Hence,  for  perfect  compensation, 

a  •  L  =  a,— 
2 

•   »  ic  —  —  Jj. 
«i 

It  must  be  observed,  however,  that  in  cases  of  adjustment  of 
this  kind  actual  experimental  trial  is  generally  preferable  to  a 
mere  calculation,  which  in  general  only  approximately  indicates 
the  correct  quantities  to  be  used. 

225.  Tbe  oompensation-balance. — In  watches  and  chro- 
nometers, where  no  pendulum  is  used  for  regulating  the  move- 
ment, another  mode  of  applying  the  same  principle,  viz.  the 
unequal  expansion  of  metals,  S»  employed.  Fig.  84  will  serve  to 
give  an  illustration  of  it.  The  inner  part  of  the  rim  of  the 
balance  consists  of  a  lamina  of  steel  attached  to  brass  while  the 
latter  in  in  a  state  of  fusion.  Thus  neither  solder  nor  pins  are 
required  for  fixing  the  two  lamines  of  steel  and  brass  together  ; 
either  of  these  would  interfere  with  the  correct  aud  equable  ex- 
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psnaion  and  contraction  of  the  two  metala  during  changes  of 
temperature.  This  compound  rim  is  cut  through  in  three  places, 
A,  B,  c,  which  sets  one  end  of  each  third  port  at  Uberty  to  move 
inwards  when  the  tempera- 
ture is  increa«ed,  or  outwards 
when  it  is  diminished,  since 
braes  expands  at  a  greater 
rate  when  heated  through  the 
same  range  of  temperature 
than  steel  does  under  the  ■ 
same  conditions,  d,  b,  P,  are 
three  equal  weights,  which 
admit  of  being  fixed  byscrews 
upon  any  part  of  the  com- 
pound circular  bars.  o,  b, 
I,  are  three  heavj-headed 
screws,  which  serve  as  weights 
toadjuatthecentreofgravity  p,^  ~ 

of  the  balance  to  its  axis  of 

vibration,  and  likewise  to  adjust  its  mean  rate  of  motion. 
When  an  increase  of  temperature  tends  to  lengthen  the  arms 
of  the  balance,  and  to  relax  the  force  of  its  spring  k,  this  would 
make  it  go  slower ;  but  the  same  cause,  by  expanding  the  brass 
more  than  the  steel,  must  bend  in  the  bars,  so  as  to  throw  the 
weights  D,  B,  F.  nearer  the  axis,  and  diminish  the  effect  of  the 
inertia  of  the  balance,  which,  if  the  compensation  is  properly 
adjusted,  will  be  as  speedily  carried  through  its  course  as  before. 
The  contrary  compensation  takes  place  with  a  fall  of  tempera- 
ture. The  exact  adjustment  of  the  weights  is  found  by  re- 
peated trials  of  the  going  of  the  machine  :  if  it  gain  by  heat, 
the  weights  do  more  than  compensate,  and  must  b«  moved 
farther  from  the  extreme  ends  of  the  compound  bars;  but  if 
the  gain  be  produced  by  cold  the  we^bts  must  be  set  farther 
out  towards  the  ends. 

Common  cylinder  watches  possess  a  natural  compensation 
caused  by  the  oil  of  the  cylinder.  In  warm  weather  the  oil  will 
be  more  fluid,  consequently  there  will  be  a  quicker  action  in  the 
escapement;  in  cold  weather  the  oil  will  thicken, producing  thereby 
a  more  sluggish  motion,  and  as  a  matter  of  course  counteracting 
in  this  way  the  efi'ect  of  a  shorianing  or  contraction  of  the 
pendulum-  spring. 

The  behaviour  of  compound  bars  under  changes  of  tempera- 
ture has  also  been  employed  for  pendulums.  Every  bar,  com- 
posed of  two  lamiiue  of  different  metals,  differing  appreciably  in 
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th^ir  rrr^r  o?  eip*c.*ioo.  by  Le«C-  wiZ  c^soii  am  am  to 
T«;zn7  '-^fi  zhr:  xi'itz  '.'f  'he  mi-.-Dr  exX'AcsCrlsi  QLetaL  wben  the  teiii- 
(i<7r%r,r«r<7  h.%?4  :  vn  ^L*?  iLfiheff  Lizi^i.  ch-r  bar  will  b^nd  the  <^>posite 

W4T.  f onuing  a  coavexitj  on 


a 


e 

O 


6 


rig.  85. 


tL«r  si*ie  of  koB  exptmsible 
m<etal.  vhen  the  temperatnre 
f^Iis.  Hence,  if  near  the  end 
of  A  pendalnm.  ms  shown  in 
n*i.  S5.  such  a  compound  bsr 
b^  a^rtached.  the  leas  exp«n- 
sfr/le  metal  a  being  npper- 
mij«t.  and  carrying  at  the 
ends  two  small  weights,  c  c, 
oDmpensation  for  tempera- 
tare  will  be  obtained  bT  care- 
fu]  adjustment  of  details.  If 
the  temperature  rises,  h  ex- 
pands more  than  a,  or  the 
form  A  of  the  pendulum  be- 
comes B.  the  small  weights  c  e 
are  raised,  and  the  elonga- 
tion of  the  pendulum  byheai- 
e  ing  is  thus  counteracted.  If 
3  the  temperature  falls,  the 
opposite  effect  takes  place, 
the  weights  c  c  are  lowered, 
while  the  pendulum  rod  ia 
shortened. 

226.  Tbe  barometer  eor- 
rection.  —  It  was  already 
pointed  out,  in  the  treatise  on 
Hydrostatics  in  this  series 


(Ai-t.  104,  ]}.  135),  that  in  measuring  the  pressure  of  the  atmo- 
Hplion;  by  iiieaiiH  of  the  barometer,  and  even  supposing  all  neces- 
Hary  ])i'oviHioTiH  bo  made  to  indicate  the  exact  height  of  the 
<;i)hitiiiiH  HiiHtained,  two  barometers,  equally  well  constructed, 
woiihl  still  dilKor  in  their  indications  if  they  are  exposed  to 
(li/roroiii  toiMporatiires;  for  mercury,  as  has  been  shown  in  Arts. 
65  to  68,  is  Hiibjoct  to  a  definite  change  of  density  with  every 
(^hango  of  tiJiij]>eraturo.  If,  therefore,  two  barometers,  equally 
woll  i;(»tiHtrncto(l,  be  used  in  different  and  distant  places,  where 
thoy  aro  11  x posed  to  different  temperatures,  the  same  pressure 
of  the  atmosphere  will  sustain  mercurial  columns  of  different 
lieights,  that  which  is  exx)osed  to  the  higher  temperature  being 
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longer  than  that  which  is  exposed  to  the  lower.  In  com- 
paring, therefore,  the  indications  of  barometers  in  different 
places,  it  is  necessary  to  observe  the  temperature,  and  to  ^  re- 
duce '  the  actual  height  of  the  barometer  observed  at  that  tem- 
perature to  some  standard  temperature,  usually  that  of  the 
freezing  point  of  water,  in  order  to  render  barometric  observa- 
tions made  in  different  places  comparable. 

The  following  few  problems  will  make  the  nature  of  this  reduc- 
tion, usually  called  the  temperature  correction,  somewhat  clearer. 

1.  The  specific  gravity  of  mercury  at  0°  is  13*59  ;  what  is  its 
specific  gravity  at  any  other  temperature  f  ? 

Letjc«the  required  specific  gravity.     The  unit  volume  of 

mercury  being  =  i    at  0°,  it  becomes  ai  t°  -    i  +  (^^ 

555*^> 
being  the  coefiicient  of  absolute  expansion  of  mercury  for  1°  C). 

Hence,  since  the  specific  gravity  is  proportional  to  the  density  of 

the  substance,  and  the  density  is  inversely  proportional  to  the 

volumes  occupied  by  the  same  masses,  we  have  : 

t 
13-59  :  ic::  I  +  —  •  ^ 

5550 

'3-59 
*~    i+t_ 

.5550 

2.  At  the  temperature  of  t°  C.  the  height  of  the  mercurial 
column  of  a  barometer  was  observed  to  =  H.  What  will  be  its 
height  at  0°  C,  and  what  corrections  must  therefore  be  applied 
to  the  observed  height  to  reduce  this  to  the  normal  temperature 
ofo°C.  ? 

If  the  length  of  the  column  at  0°  0  is  «  x,  then  at  t° 

H-jbCi+  —-) 

V       5550/ 

^-5-55^      ''''' 

H    ^    . 

which  gives  the  correction  to  be  applied  = '-  with  suflicient 

5550 

accuracy.    For  temperatures  below  0°  t  \a  negative,  and  the  cor- 

rection  becomes  then  +    — '—,    It  should  be  observed,  that  for 

5550 

temperature-degrees  on  Fahrenheit's  scale  the  correction  is 

,H  .  f 
'^"9990 
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*s*v.r';.7'.i;  \A  th.*  -.'-^iTT-r:  -ya^z^TXPin  i*  aboTe  •:*  below  32* 
r»!«t>*»j/'-r,-*.T.  -  -i^- .-.z-z  1-  z'liA  ^aofc  tlzjc  dz^^icnoe  benreen  the 

Jr.  •>.!>  '-*«:  yf  ^>r.TVJs  'rMr'jz:i*firji  ooscrr^dons  h  is  neoea- 
vkr-/-  ..'-  v:  :.::ori  v^  •?**  ■:r..rr%c^: 011  fjr  the  ex&aosion  of  the  mer- 
'nry  bv  r.^^t.  V/  s^r/p:?  \  r.milar  one  on  accoant  of  the  metallic 
i^;x\h.  *A'^^^.h,.\-/  -KUfsr*.  &.•  ve  §h^  sTipr<«e  in  the  present  case, 
th^  /3ivi«;oriA  fi;i7<;  V.»^:en  rua/le  on  a  moveable  strip  of  metal  which 
i;xU!tt*\%  iroui  thfs  I'^wer  to  the  upper  end  of  the  mercurial 
i'/,\ujujt.  Si  t''  vs%A  ihh  ft\fM:Tired  temperature  of  the  scale  at  the 
tun*:  whf;ri  itH  Hu Mi  virion  was  effected  fthat  temperature  being 
ttnuhWy  ntstU-A  on  the  scale  itself),  and  L  the  height  of  the 
barorn'stnc  f^^Aumn  obs^.-rved  at  the  temperature  t\  and  reduced 
io  f/'f  ih^iU  if  a'  is  the  c/iefficient  of  Unear  expansion  of  the  sub- 
siarw^;  of  iUts  s^;ale,  the  height  L  contacted  also  for  expansion  of 
thij  iK^thj  will  obviously  he, 

>--L(i+a'(<'-.0) 
and  iho  corrf^ciioii,  therefore, 

which  VfiliH)  JH  to  bo  adihid  to  the  height  of  the  column. 

Tho  fdilowitig  tabh)  will  Hnpi)ly  this  correction  readily  calcu- 
lated for  tlio  mti^i)  of  proHHiiru  and  temperature  usual  in  this 
ooiiiitry.     It  iH  that  adnptiul  by  the  Royal  Society,  and  gives  the 
ioiiippmtiiitt  (Mirn^clintiH  in  deuiinalH  of  an  inch  for  every  degree 
from  .!«)"  t«»  «)<»"K.,  and  for  ovory  half-inch  of  pressure  from  27*0 
ti)  yy^  ini'him.     Tho  Hcalo  iH  suppoHud  to  be  brass,  extending 
fnun  i\\o  oiMtorn  to  tho  top  of  the  column,  the  difference  be- 
iwoon  the  ox]>anttion  of  bruHH  and  mercury  being  allowed  for  in 
i\\o  lublo.     Tho  Htandanl  tiMuporaturo  of  the  English  unit  of 
uioaNunMnont  iH  (^.*''  V,  and  not  32^^ ;  honoo,  in  oi^nsequence  of  the 
ditroitMioo  of  rxpaUMiou  of  soalo  and  mori^uriiil  oi^lumn,  there  is  a 
t^t^rtain  tomporatun*  whoiv  no  oornvtiou  is  rtniuired  :  this  is  in 
IhiM  oano   -*x^'''s.     Tho  tablo  may,  of  ooureo.  In?  used  also  for 
ton»|H»ratu»v»  U^Nvor   than   .*S''*>,  by  noting  how  many  degrees 
tho  mvvu  tomiM^raturt^  i»  Wlow  .'S^'*5,  and  thvn  Kvking  at  the 
tonqvratiuv  xxhioh  \<  just  ji:*  far  »i\mv  jS'*5»  tho  iviit'ction  will 
tv  f\^«\ut»  b\it   It   mu*t  Iv  %uUuyi  instead  of  Iving  subtracted. 
Tt\\\s»,  H\^p^HVio  Mxo  xxijih  to  tuul  tho  tomivTtiturv  ivnxxticn  at 
sv'\\  tho  hoi>;ht  \*f  tho  l\u\nuotor  Iviujt   V  iuohos,     L^x^king 
fwv  tho  \s\nvotUM\  at  ;' '\\  \xhioh  i*  a*  far  aK^vo  ^>''5  as  ^  is 
IvU*^   'N'  \»  ^\*  t^»ud  It  t*^  Iv     V*: ;  hoiuv  V*;  u:i:st  Iv  ^MtiV-.i 
U*  tho  s^t^j^nxwi  \\NAdu\^.  \u»i«^*d  K\t  Uuiu:  subtx^*u\i 
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TabUfor 

Fr«eiitw- 

Poi.H(  (32°F) 

%^ 

T)B«ltabln<*«. 

^rsr; 

~~^ 

27 

27-5 

28 

28-5 

29 

295 

30 

30s 

~^ 

29 

-■001 

-■001 

29 

30 

■004 

t)04 

■004 

-004 

■004 

■004 

■004 

■004 

3" 

3' 

■006 

■006 

■006 

■006 

■007 

■007 

■007 

■007 

31 

32 

■008 

■009 

■009 

■009 

■009 

•c»9 

■009 

32 

33 

33 

34 

■013 

■014 

■or4 

■014 

■015 

■015 

■015 

34 

3S 

■016 

■016 

■016 

■017 

■017 

■017 

•018 

■018 

35 

36 

■Ota 

■019 

■019 

■019 

-020 

■020 

■D20 

■02I 

36 

37 

■023 

-023 

37 

•023 

■023 

t)24 

■024 

■ozS 

■025 

t)26 

■026 

38- 

39 

■025 

■026 

■026 

■027 

■027 

■038 

■028 

■029 

39 

40 

■028 

■028 

■029 

■029 

■030 

■030 

■031 

■031 

40 

4' 

■030 

■031 

■031 

■033 

■033 

■033 

■034 

■034 

4t 

42 

■033 

■033 

■034 

■03+ 

■035 

^36 

■036 

■037 

4z 

43 

■035 

-036 

■036 

■037 

■038 

■038 

■039 

■040 

43 

44 

■037 

-038 

■039 

■040 

■040 

■041 

■042 

■042 

44 

45 

■040 

■o^i 

■04' 

■042 

■043 

■044 

■044 

■045 

45 

46 

■043 

■043 

■044 

■04s 

■045 

■046 

■"47 

■048 

46 

47 

■045 

■046 

■046 

■047 

x>48 

■049 

■050 

■051 

47 

48 

■047 

■048 

■049 

■050 

■051 

■052 

■052 

■053 

48 

49 

■050 

■o;o 

•051 

■052 

OS3 

■054 

■055 

•056 

49 

SO 

■052 

■033 

■054 

■055 

■0S6 

■057 

■058 

•059 

50 

51 

■054 

■055 

■056 

■057 

■05a 

■059 

-060 

■061 

5' 

S3 

■057 

■058 

■059 

■060 

■061 

■063 

■063 

■064 

52 

53 

■059 

■060 

■061 

■063 

■Q64 

-06s 

■066 

■067 

53 

54 

-062 

■063 

■064 

■065 

■066 

■067 

-068 

■070 

54 

S5 

■064 

■065 

■066 

■068 

^69 

•071 

•o6[ 

•072 

5S 

S6 

■066 

■068 

■069 

■070 

■071 

■073 

■074 

■07s 

S6 

57 

■069 

■070 

■07  ■ 

■073 

■074 

■075 

■076 

■078 

57 

58 

■071 

■073 

■074 

■075 

■077 

■078 

-079 

■081 

58 

S9 

■074 

■075 

■076 

■078 

■079 

■080 

■0S2 

■083 

59 

60 

■076 

■077 

■079 

■ofo 

■082 

■083 

■085 

■086 

60 

61 

x>7S 

■080 

x)8i 

■083 

■084 

■086 

■0S7 

■0S9 

6i 

6a 

«8. 

■082 

■084 

■OS  5 

■087 

■088 

■090 

■091 

62 

63 

■083 

■085 

■086 

■08S 

■□89 

■09  [ 

■"93 

■094 

63 

64 

■086 

-087 

■089 

■090 

■093 

■094 

■095 

■097 

64 

6S 

■088 

■090 

■091 

■093 

■095 

■096 

;^8 

■100 

65 

66 

■090 

-092 

■094 

■096 

-097 

■099 

66 

67 

■093 

■095 

■096 

^? 

■103 

■loS 

67 

68 

■09s 

■097 

■099 

■I02 

■104 

■106 

■108 

68 

69 

■098 

■103 

■105 

■107 

-109 

-no 

69 
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TMe  for  Red\icing  Barometric  OhservaUons  to  the  Frtexi/ng^ 

Voint  (32°  F.) — (continued). 


'  Temp. 
I    Fah. 


I 


70     -' 

71 

72 

73 
74 

75 
76 

77 
78 

79 
80 
81 
82 

83 
84 

85 
86 

87 
88 

89 
90 


• 

English  Inches. 

Ttmp. 
Vah. 

27 

27*5 

28     i 

28-5 

29 

29-5 

30 

30-5 

0 

-•100  . 

-•102 

-•104   1 

-•106 

-•108 

-•109 

-•MI 

-113 

70 

•102 

•104 

•106    . 

•108 

•no 

•112 

•114 

•116 

71 

•105  , 

•107 

•109    1 

•III 

•113 

•115 

'II7 

•119 

72 

•107  • 

•109 

•III    1 

•113 

•115 

•117 

•119 

•121 

73 

•no 

•112 

•114  : 

•116 

•118 

•120 

•122 

•124 

74 

•I  12 

•114 

•116 

•118 

.120 

•122 

•125 

•127 

75 

•114 

•117 

•119 

•121 

.123 

•125 

•127- 

•129 

76 

•117 

•I  19 

•121 

•123 

.126 

•128 

•130 

•»32 

77 

•119  . 

•122 

•124  , 

•126 

.128 

•130 

•133 

•135 

78 

*122 

•124 

•126 

•128 

.131 

•133 

•135 

•137 

79 

•124 

•126 

•129  1 

•131 

'I33 

•136 

•138 

•140 

80 

•126 

•129 

•131  i 

•134 

.136 

•138 

•141 

•143 

81 

•129 

•131 

•134 

•136 

.138 

•141 

•H3 

•146 

82 

•131 

•134 

•136 

•139 

.141 

•143 

•146 

•148 

83 

•134 

•136 

•139 

•141 

.144 

•146 

•149 

•151 

84 

•136 

•139 

•141 

•144 

.146 

•149 

•151 

•154 

85 

•138 

•141 

•144 

•146 

.149 

•151 

•154 

•156 

86 

•141 

•143 

•146 

•149 

.151 

•154 

•157 

•159 

87 

•143 

•146 

•149 

•151 

.154 

•157 

•159 

•162 

88 

•146 

•148 

•151 

•154 

.156 

•159 

•162 

•165 

89 

•148 

•151 

•153 

•156 

•159 

•162 

1 

•164 

•167 

90 

The  following  example,  calculated  independently,  will  show 
the  accuracy  of  the  tabular  correction.  An  English  barometer 
w^ith  a  brass  scale,  correctly  graduated,  reads  30  inches  at  45®  F. 
What  is  the  pressure  in  true  inches  of  mercury,  reduced  to  the 
specific  gravity  the  mercury  has  at  32°  F.  ? 

Since  the  scale  is  only  correct  at  62°,  the  scale  has  contracted 
for  a  fall  of  temperature  through  17°,  and  shows  therefore  a 
higher  reading  than  it  would  show  if  the  scale  could  be  made 
to  expand  suddenly  through  the  1 7°  its  temperature  has  fallen. 
Taking  o'ooooi  as  coefficient  of  linear  expansion  of  brass  for 
1°  F.,  the  true  length  of  the  mercurial  column  at  its  present  tem- 
perature of  45°  is  found  from  the  proportion  : — 

30  :  a:  ::  i  +0^00001  x  17  :  i 


or 


X  =  — 52 — =29*995 
1*00017 


But  29*995  inches  of  mercury  at  45°  will  contract  in  falling  to 
32°  F.,  and  since  ^^^^  is  the  coefficient  of  expansion  of  mercury 
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for  i°F.,  we  have  for  the  true  length  =»H,  of  the  mercurial 
column  at  32°,  the  proportion  : — 

29995  :  H  : :  i  +  -ii.  :  i 

9990 

. •.  H  =  29*956  inches. 

Looking  into  the  above  table  under  30  inches  pressure,  and  45° 
temperature,  we  find  the  correction  to  be  -  '044,  which  gives 

H= 30  -  -044  =  29-956  inches, 

the  same  as  found  by  calculation. 

The  following  example  will  serve  to  illustrate  the  same 
principle,  if  different  units  of  length  and  centigrade  degrees 
are  used. 

A  barometer  with  a  brass  scale,  which  has  been  adjusted  at 
0°  C,  stands  at  778  millimetres  when  the  temperature  is  20°  C. 
What  pressure  in  kilogrammes  per  square  centimetre  does  this 
indicate  ?    Given  are  the  following  data  : 

Coefficient  of  linear  expansion  of  brass  =  o'ocx»  188. 
Coefficient  of  cubical  expansion  of  mercury  =  0*0001803. 
Weight  of  I  centimetre  of  mercury  at  0°  C.  =  13*596  grammes. 

The  scale  being  only  correct  at  o^,  it  would  contract  and  there- 
fore indicate  a  greater  length  of  the  mercurial  column,  if  it 
could  assume  its  correct  dimension  by  a  sudden  fall  of  tempera- 
ture from  20°  to  0°.  The  true  length,  x,  of  the  mercurial  height 
is  found  from  the  proportion 

I  +  -0000188  X  20  :  I   ::  x  :  778 
x  =  778  (i  +  -0000188  X  20)  =  778* 3  millimetres. 

But  the  weight  of  one  cubic  centimetre  of  mercury  at  0°  being 
13-596,  the  weight  of  a  cubic  centimetre  at  20°  is 

^^^ — ^7—  =  13*547  grammes. 

I  +  20X  -0001803 

We  have  therefore  a  coliunn  of  7 78  3  millimetres,  or  77*83  centi- 
metres, and  if  the  column  have  a  section  of  one  square  centi- 
metre, its  weight  is  obviously 

77*83  X  13-547  grammes  =  1054-363  grammes. 

227.  Snperfloial   and   onbloal   expansion. — It    has   been 

shown  in  Art.  48,  page  41,  that  we  may  use  as  coefficient  of 

superficial  expansion  twice  the  coefficient  of  linear  expansion, 

and  similarly  as  coefficient  of  cubical  expansion  of  a  solid  we 

may  use  three  tiroes  that  of  linear  expansion.     The  following 

t2 
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pnjbloniB  will  illustrate  the  practical  use  of  the  coefficients  of 
Hiiporficial  and  cubical  expansion  : — 

1.  A  s(]uaro  i)late  of  iron  has  each  side  3  metres  long  at 
o**  C.  What  is  the  superficial  area  of  the  plate  at  64°  C,  the 
cooflicient  of  linear  expansion  of  iron  being  o'ocxx}i22  ? 

Hero  wo  may  proceed  thus  : 

Tlio  side  at  0°  being  3  metres,  at  64°  it  will  be 

3(1+  o'ocx»i22  X  64)  -  3*0022424  metres  ; 

honco  the  area  at  64^  will  be 

(3*0022424)' - 9*0135  square  metres. 

Or,  by  employing  the  principle  that  the  coefficient  of  super- 
ficial is  twice  that  of  linear  expansion,  we  have 

Area  at  64°  «  9  (i  +  2  x  64  x  0*0000122) 
=  9*0132  square  metres, 

a  result  which  differs  only  by  a  very  small  quantity,  which  is 
])ractically  insensible,  from  the  preceding  one,  and  is  obtained 
witli  considerably  less  trouble. 

2 .  Two  bars,  one  of  copper  and  the  other  of  platinum,  have 
the  shniH)  of  rectangular  prisms,  and  are  of  exactly  equal 
diinuuHions  at  0°  C,  their  length  being  at  that  temperature 
I  '25  metro.  What  will  be  the  difference  in  their  lengths  when 
heated  to  100°  ;  and  what  will  be  the  ratio  of  their  sections 
at  that  temperature,  if  the  coefficient  of  linear  dilatation  of 
copper  is  .^J,,,-,,  and  that  of  platinum  j^l^-^^  ? 

ist.  The  bar  of  copper  has  at  100°  a  length  of 

and  the  bar  of  x)latinum  of 

.•25(1+     '°°    ); 

\  116,100/ 

hence  the  difference  in  their  lengths  is  clearly 

1*25  (-     - — ;^)  =0*00124  metre. 
\535     1161/ 

2nd.  If  we  denote  the  two  adjacent  sides  of  the  rectangle 
wliich  forms  the  section  of  each  bar  at  0°,  by  a  and  h,  the  area 
of  the  section  of  the  copper  bar  is  at  100°  : — 

100  V 


ah( 


I  + 


53,500'' 
and  that  of  the  platinum  bar  at  100°  : — 


i./w^      100     \2 

ah  [1  +  — 7 1  ; 

\    _  116.100/ 
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and  the  ratio  of  these  two  quantities  is 

536*      Ii6i2 

£-h'^  -— — o  =I'0020I. 

1162^      5352 

3.  A  block  of  sandstone  has  at  - 10°  C.  a  volume  of  12  cubic 
feet.  By  how  much  will  its  volume  increase  if  it  be  heated  to 
40°,  the  coefficient  of  linear  expansion  being  g^o  ^ 

I  ^ 

Increase  «=i2x5ox3x =  -^  cubic  feet, 

^       ^    85,200     142 
or  36  J  cubic  inches. 

4.  A  glass  vessel  contains  at  0°  one  litre  of  water.  What  is 
the  internal  capacity  of  the  vessel,  if  filled  with  water  at  90°  C. , 
the  coefficient  of  linear  expansion  of  glass  being  0*000009 1 

Capacity  at  90°  =  i  +  3  x  0*000009  x  80 

» I -00216  litre. 

5.  According  to  Hallstrom  (compare  Arts.  70  and  72,  pages 
66  or  68),  a  volume  of  water  «  V  at  0°  becomes  at  a  temperature 
of  <°  :— 

Vj  =  V  (i  -  -000057577 1  +  -0000075601 1'^  -  .000000035091  i^) 

when  t  lies  between  0°  and  30°  C,  and 

V,  =V  (i  -.000094178*+  '0000053366  <'-. 000000010409*^) 

when  t  is  between  30**  and  100°.  Find  from  this  the  volume  of 
a  quantity  at  8°-9,  ii°-5,  and  50**  respectively,  the  volume  at  0° 
being  unity. 

Placing  the  three  temperatures  respectively  in  the  above 
equation,  we  find  :— 

(i)  Volume  at  8-°9  =  I,  that  is  the  volume  is  the  same 

at  8°*9  as  at  o^ 

(II)  ,,      '  1 1°.5  =  1-0003 

(III)  „        50'' -I '00733. 

6.  A  glass  tube,  closed  at  one  end,  was  drawn  out  at  the 
other  to  a  capillary  point.  It  was  weighed,  then  filled  with 
water  and  weighed  again,  and  the  weight  of  the  water  at  0°  C. 
was  found  to  be  124  grammes.  By  heating  the  apparatus  up 
to  100°  C,  6  gra^funes  of  water  were  driven  out.  Assuming 
the  coefficient  of  cubical  expansion  of  glass  to  be  -000026,  find 
the  expansion  of  water  between  o**  and  100°  C. 

Let  X  be  the  total  expansion  of  a  unit  volume  between  0° 
and  100°,  then  taking  the  weight  in  grammes  to  represent  the 
volume  in  cubic  centimetres,  a  volume  of  124  at  0°  will  at  100^ 
become  : 

124(1  +»); 
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but  the  vessel  will  also  expand,  and  its  capacity  will  become 

at  icx>°: 

124  (i  +0*000026  X  100); 

and  the  quantity  expelled,  which  is 

6  (i  +x), 
will  clearly  represent  the  difference    between  the   expanded 
water  and  the  expanded  vessel ;  hence  we  have  the  equation  : 
124  (i  4  x)-i24  (i  +  -000026  X  ioo)-6  (i  +05); 

or,  ic  =  the  expansion  of  the  unit  volume  between  o®  and  100" 
«=  '05358,  or  a  little  more  than  ^^  of  the  imit  volume  at  0°. 

228.  Zllnstrations  of  metbods  of  determining  eoeflloieats 
of  expansion. — The  preceding  problem  is  an  illustration  of  a 
method  of  finding  the  rate  of  expansion  of  a  liquid  if  that 
of  the  vessel  is  known.  Some  of  the  following  problems  will 
further  illustrate  the  methods  for  determining  the  coefiBcients 
of  cubical  expansion  of  substances,  explained  in  Chapters  HI. , 
IV.,  and  V. 

I.  A  glass  bottle,  having  the  shape  of  the  weight  thermo- 
meter shown  in^.  22,  page  38,  holds  at  0°  C.  10169*3  grains  of 
mercury.  It  is  then  heated  to  100°  C,  at  which  temperature  it 
is  found  to  retain  only  looi  i  *4  grains.  Knowing  that  the  mean 
coefficient  of  cubical  dilatation  of  mercury  between  0°  and  100° 
is  =  0*00018153  for  each  degree  centi^:^e,  find  the  mean 
coefficient  of  cubical  dilatation  of  the  glass  bottle  for  the  same 
range  of  temperature. 

We  have  first  to  find  the  weight  of  the  mercury  which  should 
liave  occupied  the  same  volume — ^that  is,  the  interior  of  the 
glass  bottle,  if  the  latter  had  not  expanded.  We  have  the 
proportion  : — 

Weight  of  mercury  occupying  a  given  volume  at  100°  :  weight 
of  mercury  occupying  the  same  volume  at  0°::  i  :  i  '018153  ;  or, 

Weight  of  mercury  occupying  "I    .  ,0,60.,...  .  i-niRic-j 
the  given  volume  at  100°     J  '  ^^^^9  3-.  i  •  i  018153. 

10169-3 

1-018153     ^^  ^ 

It  follows  that  only  9987  -9  grains  should  have  remained  in 
the  bottle,  if  the  bottle  had  not  expanded.  In  consequence  of 
its  own  expansion  the  bottle  holds  thus  looii  -4  — 9987-9«23"5 
grains  more  at  100°  than  it  would  have  held  if  it  could  have 
been  maintained  at  o^.     Hence 

Volume  of  bottle  1    .  Volume  of  bottle  1  . .  _.«_ ..  .  _^_ , . . 
at  o<»  j  •  at  ioo«  /  ••99»7  9  •  looii  4 

;  1-000235. 


•  * 
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The  total  expansion  of  the  unit  volume  is  therefore  between 
o*^  and  100°=  '00235,  8.nd  hence  the  mean  coefficient  of  the 
cubical  expansion  of  the  bottle  between  0°  and  100°=  •0000235. 

2.  Let  the  bottle  used  in  the  preceding  experiment  contain 
a  piece  of  iron  weighing  2000  grains,  and  the  remaining  space 
filled  at  0°  with  mercury,  the  weight  of  the  mercury  being 
6707*8  grains.  The  bottle  is  then  heated  to  100°,  and  108  4 
grains  of  mercury  run  out.  Find  from  this  the  cubical  expan- 
sion of  the  iron  for  the  range  of  temperature  from  0°  to  100^. 

Had  there  been  no  expansion  of  iron  or  bottle,  the  6707  '8 
grains  of  mercury  would  have  alone  expanded  in  proportion  of 
I  :  1*011153,  or  the  weight  required  to  fill  the  bottle  would 

6707  '8 
have  been  i.oi"8l53"^^^^*^' 

Hence  6707*8  —  6588*2  =  119*6  grains  would  have  run  out. 

Again,  the  expansion  of  the  bottle,  as  determined  by  the 
previous  problem,  enables  it  to  contain  23*5  grains  more  at  100°. 
Hence  if  the  iron  had  not  expanded,  but  only  the  bottle, 
1 19  '6  —  23  *5  =  96*  I  grains  oilght  to  have  run  out. 

But  the  actual  loss  was  6707 -8 +  6588 -2  =  108*4,  and  108*4 
—  96*1  =  12*3  must  have  been  pushed  out  by  the  expansion  of 
the  iron. 

Hence  a  piece  of  iron  weighing  2000  grains  at  0°  will  expand 
when  heated  to  100°  by  a  space  which  is  occupied  by  12*3  grains 
of  mercury  at  100°. 

Now  the  specific  gravities  of  mercury  and  iron  at  that  tem- 
perature being  taken  as  13*2  and  7*8, 

13*2  :  7*8::  12*3  :  x  =  7-26  grains, 

if  the  space  were  filled  by  iron,  and  there  appears  that  the 

remaining  1992*74  grains  fill  the  same  space  as  that  occupied  by 

7*26 
the  original  2000  grains  at  32°.     Therefore  j^^:,f.  =  '00364  is 

the  cubical  expansion. 

3.  Several  observers  (Deluc,  Despretz,  Kopp,  fierre)  used 
for  experimental  determination  of  the  rates  of  expansion  of 
liquids  so-called  DUatometers.  To  find  a  formula  for  calcula.ting 
the  expansion,  we  have  the  following  data  *. — 

The  liquid  under  experiment  is  contained  in  a  kind  of 
thermometer  with  large  bulb,  and  divided  stem.  By  mercury 
weighings  the  cubical  contents  of  the  bulb  up  to  the  zero  of  the 
scale  is  known,  and  the  volume  of  i  part  of  the  division  at  0° 
(the  former  v^,  the  latter  v^)  ;  then  the  tnte  volume  of  the  liquid 
which  reaches  to  n^  divisions  at  0°  is 


28o    GENERAL  EFFECTS  OF  HEAT  UPON  BODIES. 

Heated  to  t^^  the  liquid  rises  n  divisions,  and  if  tt?  is  the 
increase  in  volume, 

Wo  +  'M?  =  (Vo  +  nro)(i+a<), 

a  being  the  coefficient  of  cubical  expansion  of  the  vesseL    From 
these  two  equations 

if  the  small  product  v^  a  be  neglected. 

In  this  equation  the  first  term  on  the  left  side  represents  the 
apparent  expansion,  the  second  term  gives  the  expansion  of  the 
vessel. 

4.  A  body  of  known  weight  is  successively  weighed  in  the 
same  liquid  at  different  temperatures.     The  rate  of  expansion 
of  the  body  being  known,  find  the  rate  of  expansion  of  the 
liquid- 
Let  Vq  =  volume  of  body  at  o**, 

a  =  coefficient  of  expansion  of  body, 

Pq,  p,  loss  of  weight  of  body  in  the  liquid  at  o**  and  <, 

Sq,  s,  specific  gravity  of  liquid  at  0°  and  t. 

Then  s^  =  ?9,  that  is,  the  weight  divided  by  the  volume,  gives 
the  specific  gravity.     Similarly, 

Vo(i+a«)*  \    Po(i+a<) 

and  if  v^,  y^  +  w  the  corresponding  volumes, 

Vq  +  ^-Sq  ^Po(l+aO 
Vo  S    ".  P        " 

5.  A  spherical  vessel,  of  which  the  internal  diameter  is  i  J 
metre,  is  made  of  a  material  which  has  a  coefficient  of  expan- 
sion (linear)  of  ■^^.  How  much  mercury  will  this  vessel  con- 
tain at  25°  C.  ? 

The  volume  of  the  vessel  at  0°  is 

V  =  ^Trr* » 4x3  141         ^  J ,       14144  cubic  metres. 
3  3x27 

But  from  the  formula  p  =  v .  d,  or  the  weight  is  equal  to  the  pro- 
duct of  the  volume  into  the  specific  gravity,  we  must  multiply 
this  number  by  13*6,  the  specific  gravity  of  mercury  at  0°,  in 
order  to  find  the  weight  of  mercury  in  the  vessel  at  0°.  To  un- 
derstand our  result,  we  must,  however,  bear  in  mind  that, 
I  cubic  centimetre  of  water  weighs  at  4°  i  gramme, 
.•.I     „  „         ,,  mercury    ,,      at  0°  13*6  grammes, 
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and  I  cubic  metre  «  1,000,000  cubic  centimetres. 
,',  I  cubic  metre  of  water  weighs  1,000,000  grammes 

=  1,000  kilogrammes, 
and  1  cubic  centimetre  of  mercury  weighs  13,600  kilogrammes. 

Multiplying  now  the  volume  in  cubic  metres,  we  find  the  weight 
to  be  I  -24414144  X  13600  =  16879*5  kilogrammes.     But  if 

V  =  volume  of  vessel  at  0°, 
and  v'=      „.      „       „      at  25°, 

then  V^v   (i  +^_x25j=  v(i*o3), 

and  the  density  of  mercury  at  25°  will  be 

136 13*6x222 

1+^ '2$  223         ' 

5550 
hence,  if  16879*8  kilogrammes  is  the  weight  of  the  mercury 
filling  the  vessel  at  0°,  the  weight  filling  the  same  space  at  25° 

will  be  16879-5x222 

223 

but  the  original  space  is  now  v  (1*03),  therefore  the  required 
weight  is : — 

222 
16879*5  X  —  X  I  '03  =  17307*9  kilogrammes. 
223 

6.  A  vessel  a  is  filled  at  t°  with  a  liquid  of  which  the  co- 
efficient of  absolute  expansion  is  known  to  be  jS.  The  weight  of 
the  liquid  at  /°  is  found  to  be  w.  It  is  then  heated  to  t'°,  and 
at  that  temperature  contains  only  a  weight  of  the  liquid  =  w\ 
Find  from  this  the  coefficient  of  cubical  expansion  of  the  solid 
substance  of  the  vessel  used,  =  a.     (Dulong's  method.) 

Let  Sq  be  the  specific  gravity  of  the  liquid  used  at  0°.  Then 
its  specific  gravity  at  t°  and  <'°  respectively  will  be 

the  volume  at  t  will  also  be  »  - ,  and  at  f  =  — .      Further,  if  the 

s  s 

volumes  at  o**,  at  <°,  and  at  1f°  be  denoted  by  v?,  v,  v'  respectively, 

we  have : — 

V  v" 

v^  = = 


°     l+at     I +  a  f 

or  y  +  Y  a  f  =  y'  +  \^  at 

V-V'       ^a(Y't-Yt'), 
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v-v'      w    w'  ws'— Ve 

or  a  =    . .-  = 


S'  8 


_  I  ^tit'     I  +  i3 <        w' (I  +  /3 O < - w(i  +^ e) i' 


W^.Sq*       —       W.8^^ 


I -fit        i+/a«'* 

If  wo  experiment  at  o°,  then  t^  =  o,  and  the  expansion  becomes 

I  /w(i+/30-i\ 

7.  The  specific  gravity  of  mercury  at  o®  is  13*59.  What  is 
the  vohime  of  40  kilogrammes  of  the  metal  at  100°  C.  ? 

From  p  =  V  D  (see  problem  5  in  this  article)  we  have  : — 

V  =  -^  «=  2  -94  litres  at  o**, 
1359 

and  at  100°  : 

v'  =  v  (i +a/)  =  2-94  I  I  +  i^j  =  2*99  litres. 

8.  A  glass  globe,  at  0°  and  760  millimetres  pressure,  is 
heated  to  100°,  and  i  gramme  of  gas  escapes.  What  was  the 
volume  of  the  glass  vessel,  and  the  weight  of  the  enclosed  gas  ? 

Weight  of    I  litre  at  0°  and  760  millimetres  pressure  =  I  '293 

gramme.      Coefficient  of  cubical  dilatation  of  glass  =  -j^^ — ; 

Let  V  =  volume  of  globe  at  0°, .  *.  v  f  i  +  ^-  -  j  is  the  Toliune 

at  100° 

The  volume  of    i  litre  of  air  at  100°  is,  on  the  other  hand, 

I  +  100  X  -003665,  and  its  weight « ?? — ^r?-  gramme, 

^     ^^  ^        I  + 100  X -003665^  ' 

. *.  the  weight  of  the  air  contained  at  100°  in  the  globe  is 

(!oo  \  1*293 
I  +  _  ) — 7-5  =  vx  -947. 

38700/  I  -367  ^ 

Now  at  0°  the  volume  weighs  v  x  i  -293,  and  by  the  result  of  the 
experiment, 

V  (i  '293  —  '947)  -  I  gramme 
,*.  v  =  2*9  litres. 

Tlie  weight  of  the  gas  .  * .  2  '9  x  i  -293  -  2  749  grammes. 
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9.  A  vase  in  the  shape  of  a  cone,  0*87  metre  high  and  having 
a  base  of  0*23  metre  radius,  is  filled  with  mercury  at  the  tem- 
perature of  26°  C.  Find  the  weight  of  the  mercury,  its  density 
at  0°  being  13*596,  and  its  coefficient  of  cubical  dilatation 
0*00018. 

Volume  =  -  7rr'^h=  -  tt  (2*  3)  x  8  7  =  48 '  1 86  cubic  decimetres. 
3  3 

Density    ^-^---^        ^3-596  13.533. 

I+K*       I  +  -00018x26 

Weight   =  13*533  X  48*i86  =  652*ioi  kilogrammes. 

10.  A  vessel  of  glass  encloses  at  0°  a  piece  of  iron,  and  the 
remaining  space  is  filled  up  with  mercury.  The  weight  of  the 
iron  is  100  grammes  ;  the  weight  of  the  mercury  120  grammes. 
The  vessel  is  heated,  and  the  following  data  being  given,  what 
is  the  weight  of  the  mercury  which  flows  out  ? 

Specific  gravity  of  iron   at  o°  =  7*78;  coefficient  of  cubical 

expansion  of  iron  =  -jr . 

28,700 

Specific  gravity  of  mercury  at  0°=  13*59;  coefficient  of 
cubical  expansion  of  mercury  = . 

Coefficient  of  expansion  of  glass  vessel  =  — ^ . 

35,700 

Let  v,  v',  v'^  denote  the  volumes  of  the  vessel,  iron,  and  mer- 
cury at  0°  respectively.  Then, 

v=v'  +  V  at  0°. 

At  100°  V  becomes  v(  I  +  — _ —  )  .  .  .  (i.) 

\        38,700/ 

The  volume,  x,  of  the  mercury  which  flows  out  is  clearly  equal 
to  the  difference  between  the  volume  of  the  vessel  at  100°,  and 
the  sum  of  the  volumes  of  the  iron  and  mercury  at  the  same 
temperature,  that  is :  — 

a5  =  (ii.)  +  (iii.)-(i.) 

=  v'(i  +     '^-)  +  v"('i  +  -^)-  v(i  +  JS?  ). 
\        28,700/         \        5,550/        \        3«,7oo/ 
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Replacing  in  this  equation  v  by  y'  +  v",  and  redaciii|^,  we  shall 

v'      lov"    v'  — v" 
have  X  =  -v^  + 7= — .     But  the  formula  p  «  v  d  frivea 

287     555         387 
substituting  these  values  in  the  above  equation,  we  obtain  : — 

X._-i«^-      -.-'200        _J_/i??^_L20^\      0-147856 

287x778    555'^i3'59    387x778    13*59/ 

cubic  centimetres.  Tn  order  to  obtain  the  weight  of  the  mercuiy 
we  must  now  multiply  x  by  the  specific  gravity  of  mercuiy  at 
100°,  or  by 

'359  ^'3-59x  III 
I  +  100  113 

5550 

.  ,  ,        0147856  X  13-59  X  III      ,.«-. 

.  .    weight  =  — ^?^— ^ ^-^^ =  I  -974  grammes. 

II.  A  sphere  of  copper,  of  which  the  radius  at  o®« 0*2651 
metre,  is  placed  into  a  vessel  containing  a  liquid  of  unknown 
temperature,  and  the  radius  is  found  to  have  increased  to  0-2657 
metre.      Find  the  temperature  of  the  liquid,  if  the  coefficient 

of  cubical  expansion  of  the  copper- . 

19,400 

Let  a  « the  radius  at  0°, 

a'  =         „       at  the  required  temperature  x°. 

Then  the  volume  at  0°  will  be 

v  =  |7ra», 

and  at  x°  v'  =  |  tt  a''  =  v  (i  +  a  sc) 

.\fj  na^  (l+ax)  =  |  n  a'^ 
a^-i-a^  ax- a'^ 

x  = 

a^  a. 

Substituting  the  given  numerical  values  we  find 

«  =  132^-03. 

By  taking  the  third  part  of  the  cubical  coefficient  as  linear 
coefficient,  and  considering  that  the  total  expansion  must  be 
equal  to  the  original  length  of  the  radius  multiplied  by  the 
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increase  of  temperature  and  by  the  coefficient  of  linear  ex- 
pansion, the  calculation  may  be  considerably  shortened,  thus  : 

0-2657-0-265I  =xx 0*2651  X  - — ,^  ^ , 

•"  •*  3  X  19,400 

or  x=i3i°72, 

which  gives  very  approximately  the  same  result. 

12.  A  cone  of  copper  has  a  height  0*25  metre,  and  its  base 
has  a  radius  of  0*15  metre  at  0°.  Find  the  height  and  radius 
of  the  cone  if  it  is  heated  to  180°  C. 

The  volume  of  the  cone  is  by  geometry  =  ttt^  - ,  r  being  the 

radius  at  0°,  and  h  the  height  at  the  same  temperature  ; 

^•lAKQx  (o'l;)*  xO*25  -o        o         !-•  X 

or  Vq  =  -^    ^  ^^ — ^^ ^ i  =  0-00589048 1  cubic  metre. 

At  180°  we  shall  have  the  volume  =*  v, «  v^  (i  +  a  15), 

v,  =  0*005890481  (  I  +    ^  ^  Y 

\        19,400/ 

V,  =  o  '005945 1 3  cubic  metre. 

The  cone  being  similar  to  its  original  geometrical  figure  at 
all  temperatures,  we  shall  have — 

Vg^r^^/i^ 

3  /  f^    JI3 

A  =  .  /  -£-—  =  o*  1 50463  metre 


s 


^.=   "/^'-  =0*250771  metre. 


Vo 


229.  Sxpansion  of  Oases. — The  following  formulae  will 
show  how  the  external  pressure,  elastic  force,  volume,  and 
temperature  of  a  gas,  are  mutually  connected. 

(a)  The  volume  of  a  gas  0°  is  v.     How  much  is  it  at  <°  C.  ? 

v^  =  v(i  +  •oo3665^°)or  =  vf  I  + J 

(6)  At  t°  the  volume  is  v  ;  what  is  it  at  t°y  if  the  pressure 
remains  constant  ? 

V  :  v' : :  I  +  -003665  < :  i  +  '003665  *i 

I  +_ti 

yr./y  I  + -003665  ^\  ^  v__^3^  y  (273  +  tA 
\     I  +  .003665  t  /  I  +  t         V273  +  ^  ^ 

273 


286    GENERAL  EFFECTS  OF  HEAT  UPON  BODIES. 

(c)  How  is  the  volume  altered  if  the  pressure  p  changes  to  p  7 
Since  v  :  v'irPj  :  p, 


•.v'  =  Iv-I.vf£73±iA 
Pi         p,     \273  + «  /  ' 


(3)  Since 


if  the  temperature  has  changed  at  the  same  time. 

{d)  In  general,  if  v„  t^,  p,,  e„  express  the  volume,  tem- 
perature, external  pressure,  and  elastic  force  of  a  gas  in  one  state 
of  combined  circumstances,  and  Vj,  t^,  p^,  Ej,  the  same  elements 
in  another  state,  and  a  is  the  coefficient  of  expansion  of  the 
gas,  the  relation  between  these  physical  elements  may  be 
expressed  thus  : 

(i)  Vi  :  Y^y.i  +a  ti  :  i+atj. 

(11)  Vj  :  Vjrip^:  Pj. 

(ill)  Bj :  Eg : :  Pi :  t^. 

From  which  may  be  derived  the  following : 

(1)  L  =  Ll«^i...v,«.^-±^.v, 

(2)  v„  =  yi-?i=v,  .l±^«.?i. 
^^  '        P2  '      I+at'     p2 

V,  ^  IJ-  aja  ^  P, 

Vi      I  +  a  ^1     Pj 

P'^     E^*    Vj      I  X  a  t^     Ej, 
Ej      V2      I+afj* 

The  following  problems  will  render  the  application  of  these 
formulae  much  clearer. 

I .  The  receiver  of  an  aii*-pump  has  a  capacity  of  7  '53  litres 
and  is  filled  with  air  at  0°  and  760  millimetres  pressure.  After 
exhausting  it  partially,  the  temperature  is  found  to  be  1 5°,  and 
the  pressure  in  the  receiver  210  millimetres.  Find  the  weight 
of  the  air  left  in  the  receiver  and  the  weight  removed,  if  i  litre 
of  air  at  0°  and  760  millimetres  pressure  weighs  i  '3  grammes. 

1st.  Since  i  litre  weighs  1*3  gramme,  there  are  at  stai-ting 
7*53  X  1*3=  1789  grammes  of  air  in  the  receiver,  at  0°,  and 
760  millimetres  pressure.  Supposing  that  the  temperature 
remained  unaltered,  the  weight  of  air  filling  the  same  space 
at  210  millimetres  pressure  is  found  by  considering  that  the 
weights  are  proportional  to  the  pressures,  and  hence — 

9789^760 
X        210' 

9789x210        ^   ^ 
or  2c  =  ^-^-  =2705  grammes. 


or 


APPLICATIONS  AND  PROBLEMS.  287 

2nd.  To  find  the  weight  of  the  same  volume  of  air  at  1 5**, 
which  at  0°  weighs  2  705  grammes,  we  have — 

270c     i+at             •  1,4.    x  ,^0                2705 
_i— i  = ,  or  weight  at  1 5    = ^^  J 


w  I  1+0*003665x15 

.  • .  weight  of  air  left  in  the  receiver  =     ^— ^  -  2  '564  grammes. 

Since  only  2*564  grammes  are  thus  really  left,  and  th© 
original  quantity  was  9*789  grammes,  the  quantity  removed 
is  9*789  —  2*564  =  7*225  grammes. 

2.  A  litre  of  gas  weighs  i  '562  gramme  at  0°  and  760  milli- 
metres pressure.  Find  the  weight  of  a  litre  of  the  same  gas  at 
25°  C.,^and  780  millimetres  pressure. 

The  volume  of  i  litre  =  v^  becomes  under  the  new  conditions 
of  temperature  and  pressure, 

Va  =  v^  (I +  -003665x25)?- 

yoO 

=  2L  X  I  -oQi  5  =  I  '063  litre. 
7« 

But  I  *o63  litre  weighing  i  '562  grammes,  we  find  the  weight 

of  I  litre  from  the  proportion  : 

I  *o63  :  I : :  I  562  :  x  =  i  '46  gramme. 

3.  A  glass  vessel  has  a  capacity  of  5  litres,  at  0°,  and  is 
filled  at  that  temperature  and  a  pressure  of  760  millimetres 
with  carbonic  acid.  The  vessel  is  then  heated  to  100°,  and  the 
pressure  falls  to  750  millimetres.  Find  the  quantity  of  gas 
which  has  escaped.  (The  coefficient  of  dilatation  of  carbonic  acid 
is  0*00367  ;  its  specific  gravity,  compared  with  air,  is  i  '5  ;  one 
litre  of  air  at  0°  and  760  millimetres  pressure  weighs  i  '293 
grammes  ;  the  coefficient  of  expansion  of  the  glass  vessel  is  ggYoo)* 

At  100°  and  750  millimetres  the  volume  of  the  carbonic  acid 
will  be  5  (I  +  -00367  X  100)  76  ^  ^^  ^^  j.^^^^ 

75 
At  the  same  temperature  the  volume  of  the  glass  vessel  is 

5  f  I  +  -^^^)  =  5*013  litres. 

The  volume  of  the  escaped  gas  is  thus  : 

6*926  —  5 'oi  3  ^  I '9 1 3  litre. 
In  order  to  find  the  weight  of  this  volume,  we  know  that 
the  original  5  litres  of  carbonic  acid  weighed 

5  X  I  '5  X  I  *293  =  9*697  grammes  ; 
and  since  the  gas  in  its  expanded  state,  at  100°,  and  750  milli- 
metres pressure,  weighed  the  same,  but  measured  6*926  litres, 
we  find  the  weight  of  i  913  litre  from  the  proportion  : 
6-926  :  I '913: 19*697  :  X*  2*678  grammes. 
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4.  A  quantity  of  dry  air,  which  occupies  25  cubic  centi- 
metres, at  0°  and  760  millimetres  pressure,  is  introduced  into 
an  empty  glass  vessel  which  has  an  internal  capacity  of  250 
cubic  centimetres  at  0°.  The  vessel  being  hermetically  sealed 
and  heated  to  100°,  what  will  be  the  tension  of  the  enclosed 
air  at  that  temperature  ?      (Coefficient  of  expansion    of  the 

glass  vessel  =  ^s^.) 

At  100°  the  capacity  of  the  vessel  will  be 

V       38,700/        387 

At  the  same  temperature  the  volume  of  the  enclosed  air,  if . 
^the  pressure  were  760  millimetres,  would  be 

25  (i  +  -003665  X  100)  =  25x1  -3665. 

But  the  actual  volume  at  the  pressure  x  is 

250x388 

and  the  pressure  being  inversely  as  the  volumes,  we  have — 

X         _  760x387 
25  X  I  -3665     250  X  388 
X  =  25x1-3665x760x387  ^  ,6  millimetres. 

250  X  388  -^ 

5.  A  glass  vessel  with  a  narrow  neck,  which  can  be  closed  by 
a  stop-cock  and  screwed  to  the  plate  of  an  air-pump,  is  filled 
with  a  gas,  at  the  temperature  t^  and  pressure  H  in  millimetres. 
Show  how  to  find  the  weight  of  the  enclosed  gas  at  the  normal 
pressure  and  temperature. 

The  vessel  is  first  weighed,  and  then  exhausted  by  the  air- 
pump  until  the  gauge  attached  to  it  indicates  a  pressure  of  say 
h  millimetres.  The  vessel  is  now  removed  from  the  pump  and 
again  weighed.  If  w  and  w  are  the  two  weights  found  before 
and  after  exhausting,  then  w  —  w  represents  the  quantity  of  gas 
which  would  fill  the  vessel  under  a  pressure  of  n  —  h,  at  the 
temperature  t.  The  same  quantity  of  gas  would,  under  the  , 
normal  pressure,  fill  a  volume  of 

760  . 


(w-t(?) 


H-/l* 


and  if  the  temperature  were  reduced  from  t°  to  0°,  its  density 

would  increase  in  the  ratio  i  :  i  + The  required  weight  is 

273 
therefore  : 


n-h\       273/ 
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If  the  expansion  of  the  glass  vessel  is  to  be  taken  into 

account  this  expression  must  be  divided  by  i  +  -^ . 

3o>7oo 

230.  Znflaenoe  of  expansion  on  tbe  speoifio  grravity  of 
bodies. — In  determining  the  specific  gravity  of  bodies,  whether 
solid,  liquid,  or  gaseous,  both  the  substance  which  is  selected 
as  the  standard  substance  is  supposed  to  be  at  a  definite  tem- 
perature, as  well  as  the  body  which  is  compared  with  the 
standard  substance.  Hence  in  determining  the  specific  gravity 
of  any  substance  by  experiment,  it  is  usually  required  to  correct 
the  observations  so  as  to  reduce  the  results  to  the  standard 
temperatures,  and  in  gases  to  the  standard  pressures,  which 
have  been  once  for  all  determined.  The  following  examples  will 
serve  to  show  the  mode  in  which  this  is  usually  accomplished. 

(i.)  By  the  hydrostatic  balance  (see  Hydbostatics,  page  56) 
the  weight  of  a  solid  body  in  air  was  found  to  be  p  graromes, 
and  its  loss  of  weight  in  water  =  p  grammes  ;  the  tempera- 
ture during  the  experiment  being  t°.  Find  from  this  the 
specific  gravity  of  the  body  at  0°,  referred  to  water  when  at  its 
greatest  density,  viz.  at  4°  C. 

Let  S  be  the  whole  expansion  of  a  unit  volume  of  water,  in 

being  raised  from  4°  to  t°,  and  let  a  be  the  coefficient  of 

cubical  expansion  of  the  solid  body.     If  we  now  suppose  that 

the  body  maintains  the  temperature  t°,  while  immersed  in 

water,  but  that  the  water  assumes  its  standard  temperature  of 

4°,  then  the  loss  in  the  water  would  not  have  been  p,  but 

p{i+d).     Again,  if  now  the  body  would  assume  the  normal 

temperature  of  0°,  its  own  volume  would  be  diminished  in  the 

ratio  of  I  +  A  <  :  I,  and  the  weight  of  the  displaced  water  would 

diminish  in  the  same  ratio.     The  weight  p  {i  +  d)  would  thus 

become  : 

i>(i  + 


l+At     ' 

and  dividing  the  absolute  weight  of  the  body,  p,  by  this  weight 
of  the  displaced  water,  we  obtain  the  corrected  specific  gravity  : 

—^^     p(i+aO. 

(2.)  In  determining  the  specific  gravity  of  a  liquid  with  a 
specific  gravity  bottle  (see  Hydkostatics,  page  75),  the  follow- 
ing data  were  obtained : 

Weight  of  the  liquid  at  i^^v^, 

u 


water  at  t°  «  p. 
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Find  from  these  data  the  specific  gr&vity  of  the  liquid  at  o°, 
referred  to  water  at  4°. 

Let  §1  =  the  expansion  of  the  unit  volume  of  the  liquid  from  0°  to  t°. 
LetS=  ,,  „  „  water    ,,     4** tot®. 

Let  K  =  thf  coefficient  of  cubical  expansion  of  glass. 

(a)  If  ne  liquid  were  at  0°,  the  weight  of  an  equal  'Yolume 
would  be  Pj  (i  +Si). 

(h)  If  the  bottle  also  were  at  0°,  this  weight  would  become 
less  and  be  -^^ -^, 

(c)  Similarly  the  weight  of    the  water  would  have   been 

p(i+a) 

l+Kt' 

Hence  sp.  gr.  =  PiOjtA) 

l+Kt^     ^Pj  ^  (i  +3i)(i  +Kt) 

I  +ict 

(3.)  A  gas  has  the  volume  v,  weight  p,  pressure  h,  temperature 
t.  Find  its  specific  gravity,  the  weight  of  an  equal  volume  of  air 
at  760  millimetres  pressure,  and  temperature  0°  being  unity. 
('OOI2995  gramme  -  weight  of  i  cubic  centimetre  air,  at  760 
millimetres,  0°  C.) 

The  volume  r  becomes  at  760  millimetres  =  v— —  • 

760 

h  27"? 

At  0°  this  becomes  v  •         •       ^^ 


760     273 +  < 

If  the  gas  were  air,  and  v  is  in  cubic  centimetres,  b  in  milli- 
metres, it  would  have  a  weight  of  v  •  -  —  •  — ^^  •  •0012995. 
'  760    273  + e  ^^^ 

«  specific  gravity  of  gas. 


V—  •  —  ^?-  •  '0012995 
760    273+t 

(4.)  Find  the  specific  gravity  of  a  gas  from  the  following  data: 

The  empty  glass  vessel  weighs  837-356  grammes  1  at  0°  and  760 
Full  of  air  it  weighs     .     .     .848*201         „        I  millimetres 
Filled  with  the  gas  it  weighs    852*492         „       J  pressure. 

What  corrections  would  be  required  if  the  gat  had  been 
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at  18°  C.  and  730  millimetres  pressure,  when  its  weight  was 
ascertained  ? 

The  weight  of  the  gas  is  : 

852-492 -837*356=1 5 •136  grammes. 

The  weight  of  the  air  is  : 

848-201  -837-356=  10*845  grammes. 

And  both  gases  being  under  the  same  conditions  of  tempera- 
ture and  pressure,  the  specific  gravity  is  simply  : 

'-^36=1.3956. 
10*845 

But  if  the  gas  would  have  been  weighed  at  18°,  and  730 
millimetres  pressure,  it  would  have  been  necessary  to  reduce 
the  weight  found  to  what  it  would  have  been  at  the  normal 
conditions  of  temperature  and  pressure.  If  a  is  the  co-eflficient 
of  dilatation  of  the  gas,  and  the  weight  found  at  18°,  and  760 
millimetres  pressure,  =  p,  while  the  weight  at  0°  is  p^,  then 

p  =  p^  (i  +  18  a), 


I  +  l8a  73      I  +  18  a' 

when  coiTected  for  pressure. 

231.  Betermination  of  tbe  density  of  vapours. — In  Art. 
156,  p.  171,  and  Art.  157,  p.  173,  the  methods  used  by  Gay- 
Lussac  and  Dumas  for  determining  the  density  of  vapours 
have  been  described.  The  following  two  examples  will  servo 
to  illustrate  the  methods  numerically.  It  may  be  remarked, 
that  in  both  these  examples  the  density  is  referred  to  hydrogen 
d,s  standard  substance,  the  hydrogen  being  supposed  to  be  at  a 
temperature  of  0°,  and  7661  millimetres  pressure. 

(i.)  Gay-LiJissac^s Method. — In  order  to  determine  the  density 
of  the  vapour  of  Penthane  (C^Hij),  the  following  determina- 
tions were  made  : — 

Weight  of  Penthane 0*101  gramme. 

Temperature  of  the  air   .    .     .     .16°. 

Temperature  of  the  vapour      .     .91°. 

Volume  of  the  vapour    .     .     .     .59*5  cubic  centimetres. 

Height  of  barometer       ....  752  millimetres. 

Difference  of  mercurial  levels   .     ,220        „ 

From  these  data  it  follows  that  the  pressure  of  the  vapour 

was  equal  to  the  barometric  column  of  752  millimetres  at  16** 

diminished  by  a  column  of  220  millimetres  at  91°.   Both  heights 

u2 


292  GENERAL  EFFECTS  OF  HEAT  UPON  BODIES. 

must  thus  first  be  reduced  to  the  temperature  of  o°,  in  order  to 
substract  them  from  one  another  : 

External  pressure  of  mercury:  — ^ — ^^—n ^  =  749*9. 

^  I +(000018x16)     '^^  ^ 

Pressure  of  mercury  within  the  apparatus  : 

220  , 

— '—- =216-4. 

I  +(0.00018  X91) 

The  tension  of  the  vapour  in  the  apparatus  was  therefore  : 
749  '9  -  2 1 6  '5  =  5  33  •  5  millimetres. 

Now  59*5  cubic  centimetres  of  Penthane  weigh,  at  a  pressure 
of  533*5  millimetres  and  a  temperature  of  91°,  O'loi  gramme. 
Under  the  same  conditions  of  temperature  and  pressure  an 
equal  volume  of  hydrogen  would  weigh  : 

o*oooo8q'?6  X  CQ'C  X  ;'?';•«;  x  273 

z_^. — ^/  ^  .      V    —  =0-0027992  gramme, 

760  X  (273  +  91)  ^:7y     o  , 

since  i  cubic  centimetre  of  hydrogen  at  0°  and  760  millimetres 
weighs  0-00008936  gramme.     We  have  thus  finally  : 

Density  of  vapour  required  = =  36 

0-0027992 

on  the  hydrogen-scale. 

(2.)  Dwma^  Method. — For  determining  the  density  of  Hexane 
(CgHiJ  the  following  data  were  ascertained  : 

Weight  of  globe  with  air,  at  15^-5  .     .     .  23*449  grammes. 

,,            ,,              vapour,  at  110°  .     .  23-720        „ 
Capacity  of  globe 178  cub.  cent. 

The  pressure  remained  sensibly  the  same  during  the  experi- 
ment ;  hence  no  correction  on  account  of  pressure  is  required. 
The  calculation  is  therefore  simply  as  follows  : 

I  cubic  centimetre  of  air  at  0°  weighs  0-001293  gramme  ; 
hence  the  weight  of  178  cubical  centimetres  at  15^-5  is  : 

0-001293x178x273  o 
^^ ^- i^  =  o-2i8  gramme. 

273  +  15*5 
The  weight  of  the  empty  globe  is  therefore  : 
23*449  +  0*218  =  23-231  grammes; 
and  the  weight  of  the  vapour  : 

23-720-23-231  =0-489  gramme. 

Now  I  cubic  centimetre  of  hydrogen  at  0°  weighs  0-00008936 
gramme;   hence  at  110°  the  weight  of  178  cubic  centimetres 

0-00008936  X  178  X  27'? 

is:  ^^ ^  =  0-01134  gramme. 

273  +  1 10  ^ 
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The  required  density  of  the  vapour  is  therefore  : 

0*480 

— ^t_^  =  43-i 
0-1134 

on  the  hydrogen-scale. 

232.  Problems   on    temperature-oorreotions. —  I.    In  an 

experiment  to  determine  the  specific  gravity  of  atmospheric  air, 
as  compared  with  water,  a  glass  globe  was  used  whose  internal 
capacity  was  exactly  10  litres.  When  it  was  filled  with  dry  air 
at  a  temperature  of  18°  C.  and  barometric  pressure  of  754  milli- 
metres, it  weighed  12*01  grammes  more  than  it  did  after  so  much 
air  had  been  pumped  out  that  the  pressure-gauge  only  indicated 
5  millimetres  pressure.  Deduce  from  this  the  specific  gravity 
of  air  at  a  temperature  of  0°  C.  and  760  millimetres  pressure. 

First  we  must  find  the  total  original  weight  of  air  in  the 
globe  =  X  from  the  proportion  : 

x:  i2*oi::754:(754-5) 

«  =  ?-^  X  i2'oi  »=  i2'OQ  grammes. 
749 

This  weight  reduced  to  the  normal  pressure  of  760  gives 

760 

'- —  X  1209=  12*19  grammes  ; 

and  finally,  correcting  this  weight  for  temperature,  we  obtain  : 

12*19  (i  +  18  X  0*003665)=  12*995  grammes  ; 

in  other  words,^ one  litre  of  air  at  0°  and  760  millimetres  weighs, 
according  to  this  experiment, 

I  '2995  gramme ; 

and  a  cubic  centimetre  weighs  at  the  normal  conditions  : 

o  001 2995  gramme. 

But  a  centimetre  of  water  at  the  normal  conditions  (4°  0.)  weighs 

I  gramme. 

Hence  the  specific  gravity  of  air  compared  with  water  is  by  this 
experiment : 

0*0012995  =  —  very  nearly. 
770 

It  should,  however,  be  remarked  that  the  weight  of  i  litre 
of  air  at  0°  and  760  millimetres  weighs  in  Paris  (60  metres  above 
the  sea  level) 

1*293187  gramme ; 

while  at  any  other  latitude  =  0,  height  above  the  sea  level  =  h. 
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(in  metres),  temperature  =  t°  C. ,  pressure  =|>  (in  centimetres); 
and  taking  the  mean  radius  of  the  earth  =  b  as  6366199$  metres, 
the  weight  of  i  litre  of  air  must  be  calculated  from  the  formula  : 
Weight  of  one  i  litre  of  air  in  grammes 

=  I  •29743  x-T ^-^ — ^—rx  (1-0-00265  cos  20 1 1 J. 

^^^^     (1+0-003665076     ^  ^         ^V  R/ 

The  ratio  of  this  weight  to  that  of  equal  volumes  of  water 
and  mercury  may  be  expressed  by  the  numbers  : 

I  :  773-28  :  10513-5 

air    water    mercury 

(2.)  In  England,  formerly  distilled  water  at  a  temperature  of 
60°  F.  was  taken  as  standard  of  comparison  for  solid  bodies,  in 
determining  specific  gravities  (see  Hydrostatics,  Arts.  70  and 
7 1 ,  on  French  and  English  standards)  ;  while  gases  have  been 
compared  with  dry  air  at  60°  Falu'enheit  under  a  barometric 
pressure  of  30  inches  of  mercury  at  60°  Fahrenheit.  In  France 
solids  are  compared  with  water  at  4°  C,  the  body  compared 
being  supposed  to  be  at  0°  C.  Gases  are  also  compared  at  o^ 
with  either  air  or  hydrogen  at  0°,  the  pressure  being  760 
millimetres.  If  we  wish  to  ascertain  the  weight  of  a  given 
volume  of  gas  in  English  units,  taking  advantage  of  Kegnault's 
value  for  the  weight  of  a  cubic  centimetre  of  air,  as  given  in  the 
preceding  problem,  we  have  to  proceed  as  follows  ': 

Suppose  we  wish  to  find  the  weight  of  100  cubic  inches  of 
air  in  London  at  60°  F.,  the  pressure  being  30  inches,  reduced 
to  60°  F.     We  have— 

(i)  I  French  litre  =  6 1  -02705  English  cubic  inches. 

(11)  760  French  millimetres=29-9i4    inches  at  32°  F.    in 

London, 
(in)  29-914  inches  at  32°  become  at  60°  F.  (i5°*5  C.) 

=  29-914  (i-+  15-5  X  0*00018) 
=  29  997  English  inches  at  60°  F. 
(iv)  I  -29318  grammes  =  19-9566  grains, 
(v)  The  coefficient  of  expansion  of  air  for  1°  F.  being  « 
0-00204,  ^he  density  of  the  gas  at  32°  F.  will  be 
to  its  density  at  60°  in  the  proportion  of 
I  +0-00204  X  28  :  I,  or 
1-057  :  I. 

Hence  we  obtain  the  weight  of  100  cubic  inches  of  air  under 
the  required  conditions  : 

=■  '9-9568  (61^5)  (^^)  (7^)  =30-94  grains. 
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(3.)  The  weight  in  vacuo,  at  62°  F.,  of  a  given  volume  of 
purified  mercury  was  found  by  Professor  Balfour  Stewart  to  be 
to  the  same  vohime  of  water  in  the  ratio  of 

13590-86  :  100  r62, 

both  determinations  being  made  in  grains.  What  is,  according 
to  this  experiment,  the  specific  gravity  of  mercury  at  0°  referred 
to  water  at  4°  C.  ? 

Since  62°  F.  =  i6°'6  C,  a  unit  volume  of  mercury  at  0°  C.  will 
become  at  d'f  F.  =  i  +  0*00018  x  i6*6  =»  i  -00298.  It  follows  that 
the  weight  of  the  same  volume  of  mercury  would  be  at  0° 

13590-86  (1-00298)=  13631 -361  grains. 

Next,  a  volume  of  water  which  is  =  i  at  4°  will  become 
I  -0011437  at  1 6° '6  (see  Kopp's  table,  page  69)  ;  hence  the  above 
weight  of  water  would  become,  at  4°  C. , 

1001*62  (1*0011437)-  1002-766  grains. 

■w-r  I'?6'?I*'?6l 

Hence  specific  gravity  =    -^  -^ — ^  =  13*594. 

1002*766 

(4.)  In  order  to  determine  the  specific  gravity  of  platinum 
and  copper,  a  piece  of  each  metal  was  weighed  in  air  and  then 
in  water,  the  temperature  during  the  experiment  being  20°  C. 
By  simply  dividing  the  weight  in  air  by  the  loss  of  weight  in 
water,  the  specific  gravity  was  found,  without  applying  any 
corrections. 

Of  platinum  =  23-055. 
Of  copper  =  8-893. 

Find  the  true  specific  gravity  of  both  metals  at  0°  compared 
with  water  at  4°,  and  taking  into  account  the  loss  of  weight  in 
air  (reduction  of  weight  in  air  to  the  weight  in  vacuo). 

Given  :  Specific  gravity  of  air  at  20°    .     .     .     0*0012. 
'„  ,,         water     ,,      .     .     .     0*99827. 

To  find  a  general  answer  let 

m  *  the  weight  of  body  in  air  ; 

I » the  weight  of  the  displaced  air  ; 

i(?  =  the  weight  of  the  displaced  water  (the  difference 
between  the  weight  in  air  and  the  weight  in  water)  ; 

Q  =«  the  specific  gravity  of  the  water  during  the  experi- 
ment ; 

X  =  the  specific  gravity  of  the  air  during  the  experiment, 
referred  to  water  at  4°  C.  ; 

s  =  the  specific  gravity  of  the  body  at  the  temperature 
of  the  experiment  referred  to  water  at  4°  C. 
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The  weight  of  the  body  in  vacuo  is  : 

m  +  l ; 
the  weight  of  the  water  in  vacuo  is  : 

w  +  l  ; 
the  weight  of  the  displaced  water  (at  4°  C.)  is  : 

w  +  l 
Q 
Hence  the  specific  gravity  of  the  body  at  the  temperature  of 
the  experiment : 

s  = =Q (I). 

w  +  l 

The  weight  of  the  displaced  air  is  : 

w  +  l^     , 

Q 
,      w\ 
or.  ^  =  ;r-i  5 

Q  — A 

and  substituting  this  value  in  equation  (i)  we  obtain  : 

s  =  ^(q-X)  +  X     ....     (11). 
w 

By  employing  the  numerical  values  given  in  the  question, 
we  have  for  platinum  : 

8  =  23-055  (0-99827— 0-0012) +  0*00I2 
«  22 -988  ; 
for  copper  : 

8  =-8-893  (0-99827  — 0*0012) +  0 -0012 
=  8-868. 

Dividing  each  of  these  specific  gravities  by  the  factor  (i  +  20 a), 
in  which  a  is  the  coefficient  of  cubical  expansion  of  each  metal, 
we  obtain  the  true  specific  gravity  of  each  substance  at  0°,  com- 
pared with  water  at  4°  C. 

233.  Bzpanslon  of  alloys. — ^Alloys  have,  as  determined 
by  Matthiessen  (at  least  between  0°  and  100°),  at  an  elevation 
of  temperature,  the  same  volume  which  the  sum  of  the  com- 
ponents would  assume  if  they  had  expanded  independently. 
Thus,  if  V**  is  the  volume  of  the  alloy,  y°  the  volimie  of  one 
constituent,  and  v^^  the  volume  of  another  constituent ;  and  0, 
01,  j9„  are  the  coefficients  of  expansion,  then  at  the  tempera- 

tlll*fi    L    ' 

v°  (I  +/30-Vi°  (I  +ft  0  + v,°  (I  +i8,0. 
Since    v^^Vj^  +  Vj^ 

.•.v°+v°0«-Vi°  +  Vi°0i«  +  v,°  +  Vj,°/3gf; 
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or  v°/3<  =  v.°/3,<  +  Vj°/3j< 

that  is,  jS  is  the  arithmetical  mean  between  fi^  and  ^j* 

234.  Correction   of  fixed  points   In   tbermometers. — As 

has  been  shown  in  Chapter  II.,  the  fundamental  distance  between 
the  freezing  and  boiling  point  in  a  thermometer  is  divided  into 
a  certain  number  of  equal  portions,  called  degrees.  On  the 
centigrade  thermometer  there  are  loo  such  equal  divisions.  If 
neither  the  freezing  point  nor  the  boiling  point  be  correctly 
marked,  or  only  one  of  them  is  correct,  the  readings  of  the 
instrument  will  require  a  correction,  and  in  order  to  ascertain 
the  correction  the  fixed  points  of  a  thermometer  should  be  com- 
pared from  time  to  time  with  a  standard  thermometer.  If  the 
correction  of  the  fixed  points  is  ascertained,  its  application  to  the 
readings  will  become  apparent  &om  the  following  considera- 
tions. 

(i.)  Let  the  freezing  point  alone  be  wrongly  marked,  and  let 
the  correct  zero  of  the  scale  be  at  the  reading  +  a°  ;  in  other 
words,  let  the  marked  zero  point  be  too  low  or  too  high  by  a 
degrees.  At  +  a  degrees  of  the  scale  there  should  thus  be 
o  marked,  if  the  thermometer  is  to  give  correct  readings  ;  hence 
denoting  by  c  correct  degrees  and  by  /  incorrect  degrees  : 

iooc  =  (ioo-Fa)/ 

.  • ,  I  incorrect  degree  = correct  degrees  ; 

loo  +  a  ® 

and  n  incorrect  degrees  = =—  correct  degrees. 

loo  +  a 

If  the  incorrect  thermometer  reads  t°=  ioo°  — (ioo°— f)°,  then 

the  correct  thermometer  would  indicate 

«°=ioo°--i^  (100-0°  =3  J^I±.  100  C. 
loo  +  a  loo  +  a 

where  the  upper  sign  is  to  be  taken  when  a  was  positive,  and 

the  lower  when  a  was  negative. 

The  absolute  value  of  a  will  always  be  very  small ;  in  any 
case  it  will  always  be  less  than  loo,  and  the  denominator  of  this 
fraction  will  thus  always  be  a  positive  quantity.  Hence,  if  the 
zero  of  the  scale  is  too  low — that  is,  when  a  is  positive  and  the 
upper  sign  must  be  taken — then  t  is  positive  as  long  as  f  is 
positive  and  greater  than  a ;  <  =  o,  when  f-a;  and  finally,  t  is 
negative  both  when  f  is  negative  and  when  f,  though  positive, 
is  less  than  a. 

Again^  if  the  zero  of  the  scale  is  too  high — that  is,  when  a  is 
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negative  and  the  lower  sign  ia  to  be  taken — ^then  t  is  i)OBitiYe, 
)>i)th  when  t'  is  positive  and  when  negative,  provided  the  abso- 
lute value  of  t^  in  less  than  the  absolute  value  of  a  ;  f  =  o,  when 
the  absolute  value  of  the  negative  t^  is  equal  to  the  absolute 
value  of  a  ;  finally,  t  is  negative  when  f  is  negative,  but  its 
al)Solute  value  is  greater  than  the  absolute  value  of  a. 

greater  than  1 
In  any  case  when  t'  is  positive,  and       equal  to  f  loo,  then  t  is 

less  than  J 

greater  than  | 
also  positive  and        equal  to  >  lOO. 

less  than  I 

Examples  : 

a«  +  lo;  then  *= — ^^^ — ^,  and  we  have  the  corre- 
sponding values  : 
(wrong)  f  =  117       100       18       10      4        o     — 10     —18 

(coiTect)  <  =ii8|     100        8|      o  -6|  -li|  -22J-  -31J 

a=+i  ;  then«=I5?i*l:il)  =  i-oi  («'-i),  and: 

99 
<'«ii7        100    18  I      o        — I        —18 

i«ii7'i6  100    17*17    o  —I'd   — 2'02   — 19*19 
a=  -  I  ;  then  *  =122_(^l±i)  =  o-99  (*'+  i),  and  : 

lOI 

t'=ii7        100    18       o        -I   -18 
<  =116*82  100    18*81  0*99      o  -16*83 

rt=-lo;  then<=  10  ft' +10)  ^^.g^  ft'+io),  and  : 

<'*=ii7  100     18         o        -4  —10  —18 

t  =115*443  100    25*452  9*09      5*455        o  —  7*272 

(2.)  Let  it  be  supposed  that  the  freezing  point  is  correctly 
fixed,  but  that  a  correction  is  necessary  because  the  boiling 
point  is  wrongly  marked.  The  error  consists  here  in  this,  that 
the  temperature  denoted  upon  the  scale  by  100°  will  not  corre- 
spond to  a  pressure  of  aqueous  vapour  of  760  millimetres,  but 
will  correspond  to  any  other  pressure,  which  we  may  denote  by 
b.  Hence,  if  h  is  greater  than  760  millimetres  the  thermometer 
indicates  the  temperattire  too  low,  but  when  b  is  less  than  760 
millimetres  the  temperature  indicated  by  the  thermometer  will 
be  higher  than  the  correct  temperature. 
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To  correct  the  wrong  temperature  t\  indicated  by  the  ther- 
mometer, into  the  correct  reading  ^,  we  must  ascertain  from  the 
tables  what  temperature  t  corresponds  to  the  pressure  of  satu- 
rated vapour  ?>,  and  hence  we  find  from  the  proportion  : 

100  :  f : :  T  :  *,  that 

t=0'0\  XT  X  ^ 

It  follows  that : 

>  >  >  < 

when  h  -  760,  then  T  «  100,  and  therefore  i  =  i' ^  and  if  —  i^ 
•        <  <  <  > 

in  other  words  : 

when  h>760f  then  f<  t,  and  the  temperature  indicated  is  too  low ; 
,,    6  =  760,     ,,    f  =  t,    „     „  ,,  „         ,,  correct; 

,,    6<76o,     „   t'>tj    „     „  ,,  „         „  too  high. 

For  negative  temperatures  their  absolute  values  are  to  be  taken. 

Examples  : 

/>  =  906  4 10 millimetres  corresponds  to  T  =  10*5  (Table I.,  p.  167;. 
.•.e=i-o5  if;  thusif  *'=±i6°-8,  t=  ±17°M- 

h  =  766*786  ;  then  t  =  i02°-3i8  (by  interpolation)  ; 

.-. ^  =  1-023  «'  ;  thusif  e'=  ±12°,  t=-  +i2''-278. 

6  =  687-828;    1=97-143;    *  =  o-97i  f ;    thus  if  *'=±i5°*375, 

t  =  ±  I4°'936. 

6  =  633*692  ;  T  =  95  ;  <  =  0*95  f  ;  thus  if  <'  =  +  20°,  <  =*  +  19°. 

If  the  thermometer  immersed  in  vapour  of  boiling  water  in- 
dicates a  temperature  t°,  while  the  barometric  pressture  is  at  the 
same  time  61  millimetres,  then  the  correct  temperature  corre- 
sponding to  the  pressure  6^  must  be  ascertained.  Let  this  tem- 
perature be  r.     Then  r  =  o-oi  ttj  .  * . 

T=  100  r    and  t=—t\ 


T 


T 


1 


1 


Thus  let  Tj  ==94°-942  and  61  =687*828  ;  then  to  the  latter  pres- 
sure corresponds,  by  the  tables,  97° '143,  hence  -^  =  <^ — ^  = 

^"1      94*942 
1-02318 

,'.  T=  102*318  (corresponding  to  766*786  millimetres), 
and  t=  I  02318  Ti 

which  gives  the  correction  generally. 

(3.)  If  both  fixed  points  are  wrong,  then  both  corrections 
must   be  ascertained,  and  as  formula  of  reduction  for  wrong 
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readings  into  correct  ones  we  have  the  formula,  using  the  same 
notation  : 

<°  =  (^  +  a)T° 

loo  +  a 

For  let  us  suppose  that  we  have  two  thermometers  of  exactly 
the  same  dimensions,  one  having  its  fixed  points  correctly 
marked,  the  other  having  them  both  wrong.  Then  if  d  is  the 
distance  between  the  two  points  marked  oP  and  loo^  on  the 
wrong  scale,  and  I  is  the  distance  of  the  true  zero  point  from 
the  mark  ioo°, 
then  l  =  T  correct  degrees 

and  one  wrong  degree  = =  ^=—  incorrect  degrees, 

loo        loo 

correct incorrect  degrees. 


lOO  lOO 

,  • .    One  incorrect  degree  = =^  correct  degrees. 

loo  +  a 

But  t  correct  degrees  =»  (t^  +  a)  incorrect  degrees. 

=  («:±4^  incorrect  degrees, 
loo  +  a 

which  proves  the  formula. 

We  may  check  this  formula  by  applying  it  to  the  two  cases 
when  only  one  of  the  fixed  points  is  wrong. 

When  f*^  ±a,  then  t  =  o;  when  <'  =  loo,  then  <  =  t. 

When  T  =  loo,  then  the  boUing  point  is  correct  and  t « 

S-  X  ICO,  that  is,  the  formula  becomes  the  same  as  that  used 

loo  +  a 

for  the  correction  if  the  freezing  point  is  wrong. 

When  a  =  o,  then  the  freezing  point  is  correct,  and  the  for- 

T  f' 

mula  becomes B —    =  o*oi  Txf,   the  same  as  used  for  the 

loo 

correction  when  the  boiling  point  is  wrong. 

Examples  : 

Let  a=  +  I,    and  t=  io2°-3i8.     Then  <= x  i02°-3i8, 

99 
and  we  find  the  foUowing  corresponding  correct  readings  from 

the  incorrect  ones  : 

If     ii8  loo  20  I        o        —I  —20 

t     120-921     102-318     19-637    o     —1*034    2067     —21704 

Let  a  -  - 1,  T  =  987.     Then  t  =  — —  x  98°-7,  and  we  obtain: 

lOI 

f    118    100   20     I     o     —I    —20 
t     116-29   98-7  20-522  1-954  0-977   o    -18-567 
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235.  Calibration  of  a  tbermometer. — It  has  already  been 
pointed  out  in  Art.  28,  p.  21,  that  in  a  good  thermometer  it  is 
necessary  to  calibrate  the  tube,  that  is  to  say,  to  compare  the 
volumes  which  correspond  to  the  divisions  of  the  scale  at  differ- 
ent places,  and  it  was  explained,  in  general  terms,  that  for  this 
purpose  a  thread  of  mercury,  separated  from  the  rest,  is  made 
use  of.  The  thermometer  is  turned  upside  down  and  a  slight 
tap  given  against  the  end.  Then  either  a  thread  will  separate, 
or  the  whole  of  the  mercury  will  flow  down,  separating  &om  the 
walls  of  the  bulb  at  some  point.  The  separation  is  usually  de- 
termined by  a  microscopical  air-bubble  adhering  to  the  glass, 
which  expands  to  a  larger  size.  If  the  mercury  separate  in  the 
bulb,  we  try,  by  suddenly  turning  the  thermometer  upright,  to 
make  the  bubble  formed  there  rise  to  the  opening  of  the  stem  ; 
this  can  always  be  done,  with  patience.  The  mercury  then 
divides  at  the  opening  of  the  tube. 

Suppose  the  thread  to  be  too  long,  say  p  degrees  longer  than 
was  desired.  The  bulb  is  warmed  while  the  thread  is  separated ; 
the  air  is  pushed  forward  by  the  rising  mercury.  Then  the 
thread  is  made  to  run  back  to  the  rest  of  the  mercury,  and  the 
position  of  its  upper  end  is  observed  at  the  instant  of  meeting. 
The  little  bubble  of  air  remains  adhering  to  the  glass  at  the 
point  of  the  stem  where  the  junction  took  place.  The  thermo- 
meter is  now  cooled  p  degrees,  and  again  reversed  and  shaken, 
when  a  thread  of  the  desired  length  is  separated.  If.  on  the 
oth«r  hand,  the  thread  be  p  degrees  too  short,  it  is  united  to  the 
rest,  and  the  thermometer  warmed  p  degrees,  when  the  desired 
length  will  break  off.  Even  if  this  manipulation  should  not  suc- 
ceed at  first,  it  always  will,  on  repetition,  be  possible  to  get  a 
thread  accurately  of  any  length  to  the  fraction  of  a  degree.  For 
very  short  threads,  however,  the  process  often  fails  ;  so  that, 
in  such  a  case  we  must  make  use  of  combined  observations  with 
threads  of  different  lengths. 

By  gentle  inclining  and  shaking,  one  end  of  the  thread  can 
be  adjusted  to  any  desired  division  with  great  accuracy.  In 
accurate  observations,  especially  with  the  telescope,  it  is  suffi- 
cient to  place  it  nearly  on  the  division,  and  estimate  the  tenths 
of  a  degree  at  both  ends  of  the  thread.  Since  the  thread  of 
mercury  and  the  graduation  are  not  in  the  same  plane,  we  must 
avoid  parallax  when  reading  off.  It  is  simplest  to  lay  the  ther- 
mometer upon  a  piece  of  looking-glass,  and  place  the  eye  so  that 
its  image  coincides  with  the  division  to  be  read  ;  or  a  lens  is 
fixed  steadily  and  the  thermometer  is  pushed  along  parallel  to 
itself  under  it.  The  greatest  accuracy  is  secured  by  reading 
with  the  telescope. 
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The  calibration  may  be  executed  in  many  ways,  but  observa- 
tions according  to  the  following  plan  (see  Kohlrausch,  on  Physi- 
cal Measurements,  p.  59),  are  mostly  sufficient. 

Let  a  be  the  interval  in  which  we  wish  to  calibrate,  and  let  a 

100 
divide    100  without  remainder,   then  a  =  — ,  where  ti   is  a 

n 

whole  number.  We  separate  a  thread  of  about  this  length  a ;  this 

we  place  successively  at  the  marks  of  the  graduation,  from  near  o 

to  a,  a  to  2a,  and  so  on.  In  each  position  let  the  thread  occupy 

the  following  number  of  divisions  : — 

a  +  ^1  from  the  mark  o  to  a 

«  +  ^2    »       »       if    a  ,y  2a 

•         •         •         t         •         • 

a  +  dn    ,,       ,,      ,,  (n-i)atoioo. 

Let  it  have  been  further  determined  (see  the  preceding  Article) 

that  the  temperature  o  corresponds  to  p^ 


ff        iJ  91  99  >>    IOO+J)j 


The  quantities  ^i,  8^    •     •     •    ^  ^^^^  ^  Po  ^^^  Pi  ^^^^  small 
numbers,  expressed  in  scale  divisions  and  fractions,  and  may  be 
either  positive  or  negative. 
If,  then,  we  use  the  formula 

n 

the  correction  table  of  the  thermometer  is — 

Division,  Correction, 

o  -Po 

a  «-JPo-^i 

2a  2a— Pq— dj  -dj 


Or  again,  the  correction  for  ma  being  A«  if  that  for  (m  —  1)  a 
be  A«-i 

A«  =  A«-i  +  a-Sm 

The  values  under  the  heading  *  correction'  are  therefore 
those  numbers  which  must  be  added  to,  or,  when  negative,  sub- 
tracted fr6m,  the  corresponding  reading,  in  order  to  obtain  the 
corresponding  reading  of  an  accurate  mercurial  thermometer. 
For  the  intermediate  degrees  a  table  is  interpolated  in  the  usual 
manner. 
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The  above  formula  for  the  calculation  follows  from  the  follow- 
ing considerations.  The  thread  of  mercury  used  for  the  obser- 
vations laid  end  to  end  n  times,  takes  up  the  volume  of  the 
tube  from  division  o  to  100,  increased  by  Si  +  5o+  .  .  .  S,„ 
But  since  0°  is  at  division  p^ ,  and  100°  at  division  100  +jpj ,  the 
increase  of  the  volume  of  mercury  from  division  o  to  division 
100  answers  to  an  increase  of  temperature  at  i03+i>o~Pi  >  so 
that  the  increase  of  the  volume  equal  to  the  length  of  the  thread 
means  an  increase  of  temperature — 

therefore  a  rise  of  the  mercury 

from  o  to  a  corresponds  to  an  increase  of  temperature  a  +  a  —  b^  ; 
,,    a ,,  2a  „  „  „  „  a  +  a-S^; 

and  finally, 

from  division  o  Temperature  increase. 


to      a  a  + 

to    2a  2a  + 


to  ma  ma  + 


2a-bi-8^ 


ma  —  ^1  —  Sg*  •  •  ""  ^m* 


The  expressions  to  the  right  of  the  vertical  line  would  be  the 
thermometer  corrections,  if  the  division  o  also  meant  the  tem- 
perature 0°.  Since  the  temperature  —p^  corresponds  to  this,  p^ 
must  be  substracted  from  each  of  them. 

Example.  — A  thermometer  graduated  up  to  the  boiling  point 
of  mercury  is  to  be  calibrated  at  intervals  of  50°,  which  is  enough 

100 
for  ordinary  purposes.     Here,  therefore,  n  =  —  =2.    A  thread 

of  about  50°  long  was  separated,  and  occupied  the  spaces — 

dj-  +0-9 
^2=  +o*4 

.  ^3=  +0*2 
5^=  +0-0 
S5--0-4 

In  addition  the  temperature  0°  was  found  to  be  at  the  division 
+  0.6  and  100°  at  997  ;  therefore 

p^:^  +0-6;  Pi=--o-3 
Therefore— 

«=i>o-i>i  +  ^i  +  ^a   =    +o-6  +  o-3  +  o-9  +  o-4_  ^  ^.^- 
n  2 


from 

O'O 

to 

50-9 

>> 

50*0 

)> 

100-4 

>> 

lOO'I 

yy 

150-3 

>> 

149-8 

f) 

199-8 

>> 

200-4 

99 

250-0 
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Correetion. 
--0-6 
=  -o-4 

-  +  1*2 
s=  +2*3 

«  +  3*8,  &c. 


The  table  of  corrections  is  therefore — 
Division., 
o  06 

50     I'l— o'6-o*9 
100    2*2— o*6— o*9-o'4 
150    3*3-o-6-o*9— o'4-o'2 

200         .    +  1*2  +  I'l    -O'O 

250  2*3+ 1*1+04 
The  correspondence  of  the  calculated  correction  for  100  with  the 
independent  determination  of  the  boiling  point  furnishes  a 
partial- proof  of  the  accuracy  of  the  calculation. 

From  the  last  column  the  correction  of  any  intermediate 
division  is  interpolated  according  to  the  ordinary  rules.  For 
t'xample,  to  the  reading  167*3,  ^^^  temperature  167*3+1 '6  = 
1 68° '9  would  correspond. 

236.  Tbe  Air-^tbennoiiieter. — In  Article  40,  page  31,  it  waff 
already  shown  how  air  may  be  used  as  a  thermometric  substance. 


Fig.  86. 


O 


0 


D 


The  scientific  definition  of  temperature 
rests  upon  the  assumption  that  a  per- 
fect gas  (e.g.  dry  air)  expands,  at  con- 
stant pressure,  proportionally  to  therise 
of  temperature.  The  expansion  amounts 
for  each  degree  to  o  '00366  5  of  the  volume 
at  0°  ;  or  what  is  identically  the  same, 
the  pressure  of  a  quantity  of  air  kept 
at  a  constant  volume  increases  for 
each  degree  of  rise  of  temperature  by 
0*003665  of  its  pressure  at  0°, 

A  very  simple  form  of  modem 
air-thermometer  is  that  of  Jolly,  It 
depends  on  the  law  just  enunciated. 
A  glass  globe,  Jig.  86,  of  about  50 
cubic  centimetres  capacity,  filled  with 
dry  air,  is  in  communication,  by  means 
of  a  capillary  tube,  with  a  vertical  glass 
tube,  I,  in  which  the  air  is  confined  by 
..  ,j      mercury.     By  the  raising  or  lowering 

^^=:^  of  the  surface  of  the  mercury  in  11, 
which  is  joined  to  i  by  an  india-rubber  tube,  the  surface  of 
the  mercury  in  i  can  be  brought  to  a  mark  near  the  opening  of 
the  capillary  tube. 

To  graduate  the  instrument,  the  bulb  is  surrounded  by 
melting  ice,  just  as  in  determining  the  freezing  point  on  the  stem 
of  a  thermometer,  the  mercury  is  adjusted,  and  the  height  of 
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the  barometer  6^,  and  the  height  h^j  of  the  mercury  in  11  above 
that  in  i  observed.  We  will  call  6^  +  ^^  =  H^,  where  h^  is  nega- 
tive when  the  surface  in  11  is  lower.  All  the  heights  b  and  h 
must  be  reduced  to  0°. 

If,  now,  any  other  temperature  t  which  is  to  be  measured, 
be  communicated  to  the  air  in  the  bulb,  the  mercury  adjusted 
to  the  mark,  and  the  heights  b  and  h  be  observed,  calling  b  +  h 

=  H,  we  have 

H-H„ 


t=^ 


0003665  Ho-3i3H 


where  3  3  denotes  the  cubical  expansion  of  glass.  Where  this 
is  not  known  for  the  sort  of  glass  used,  we  may  take  30  «= 
000002 5.  Up  to  temperatures  of  about  60°  we  may  calculate  it 
with  sufficient  accuracy  by  the  more  convenient  formula — 

Ho 

It  is  here  assumed  that  the  voliime  of  the  capillary  tube  up 
to  the  mark  to  which  the  mercury  is  adjusted  may  be  completely 
neglected  in  comparison  with  that  of  the  bulb.  If  not,  we  must 
add  to  the  value  of  t,  given  above,  the  correction — 

.    t/    H  ^ 

<  X  —  X     -  X 


V     Hq     I  +  0*003665^' 

where  v  «  volume  of  the  bulb, 

1/  »  volume  of  the  connections  to  the  mark, 
t^  =  temperature  of  the  room. 

1/ 
The  ratio  -  is  found  by  weighing  with  mercury.     If  p  be  the 

weight  of  the  mercury  in  the  bulb  alone,  and  p  the  weight  when 
the  apparatus  is  filled  up  to  the  mark — 

f/       p 

The  truth  of  the  above  formulae  follows  from  the  following 
considerations.  The  quantity  of  air  remains  constant.  If  v  be 
the  capacity  of  the  bulb  at  0°,  d^  the  density  of  the  air  at  o** 
and  760  millimetres  pressure,  the  quantity  of  air  is  given  at  the 
first  observation,  denoting  0*003665  by  a,  by — 

760V  ^l^aif)' 
at  the  second  by — 

760  L      l-¥at  l-k-aiS 

X 
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By  equating  these  expressions,  dividing  by  -^,  and  mul- 
tiplying both  sides  by  — ^,  we  get — 

H,(i+a«)(l+^.A^.)-H(l  +  3/3l5+^.    i±^) 
°  ^  "^V  V      1+at/  \  «       I  +  a  ^/ 

or,  separating  t — 

*[°«o-3^H-J.^,(H-Hj] 

From  this  we  get  the  first  of  the  expressions  given  above  by 

putting    -  =o. 

In  order  to  obtain  the  correction,  we  write  the  left-hand 
aide  of  the  equation — 

«(aHo-3/3H)Ci  -'"\  — i-..      ^'\    Y 

V       o     ot-     yy  ^       i+at'     aHo-3/3H/ 

In  the  factor  of  the  small  magnitude  —  we  may  neglect  the- 

3  3  H  which  occurs  in  the  denominator,  in  comparison  with  a  h^, 
and  finally  we  obtain  as  above — 

a  H  -  3  iSh  \  V        Hq      l+at/ 

237.  Comparison  of  Mercury  and  Air-tbemionieteni. — 

Mercury  does  not  expand  proportionately  to  the  temperature  as 
measured  by  an  air-thermometer.  Its  volume  at  the  tempera- 
ture t  may  be  expressed  thus — 

Vr  =  Vo  (^  +000017905  <  +  0-OOOOOCX)252<')  ; 

or  up  to  t* «  100  by — 

log.  Vt  -  log.  Vq  +  o '00007  8<, 

an  expression  which  is  frequently  very  convenient.  According 
to  this,  the  readings  of  the  common  mercurial  thermometer, 
when  they  have  been  corrected,  as  shown  in  Arts.  233  and  234, 
are  between  0°  and  100°  lower  ;  above  100°,  on  the  contrary, 
higher  than  those  of  an  air-thermometer,  although,  on  account 
of  the  simultaneous  expansion  of  the  glass,  they  are  less  than 
iirould  follow  from  the  formula  given  above.  Up  to  150**  the 
deviation  usually  remains  smaller  than  0*5^  ;  up  to  250°  it  may 
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amount  to  4°  ;  up  to  350°  to  10®.  On  the  average  the  correction 
of  a  mercurial  thermometer  to  an  air-thermometer  may  be  taken 
as  about — 

for  reading — 

o        20        30   '    60        80      100      150      200      250     300 ; 

correction — 

+  0*0+0*2   +o*3  +o*3  +o*2  +o*o  -o*5   -1*1   -2*4  -3*3» 

238.    Siemens'    Pyrometer. — On    the  principle  that    the 
electric  resistance  of  a  metallic  conductor  is  altered  when  the 
temperature  changes,  a  very  practicable  form  of  pyrometer  has 
been  introduced  by  Dr.  Siemens.     The  electrical  conductivity 
of  metals  in  general  is  diminished  by  an  increase  of  tempera- 
ture, and  as  the  resistance  is  inversely  proportional  to  the  con- 
ductivity, the  resistance  becomes  greater  as  the  temperature 
rises.     It  is  shown  in  the  treatise  on  Electuicitt  in  this  series, 
Art.  377,  p.  235,  how  the  electrical  resistance  of  a  metal  may  be 
compared  with  that  of  another  by  means  of  an  apparatus  called 
Wheatstone's  bridge.     A  coil  of  known  resistariice  is  placed  in 
the  particular  locality  whose  temperature  is  to  be  observed,  and 
is  connected  by  means  of  long  conducting  wires  with  the  place 
of  observation,  where  it  forms  part  of  a  Wheatstone's  bridge 
arrangement.  The  resistance  of  the  coil  is  known  in  terms  of  the 
reostat  (see  Electricity,  Art.  377a,  p.  236),  and  by  preliminary 
trials  it  has  been  ascertained  how  much  additional  wire  must  be 
introduced  to  balance  a  given  increase  in  the  temperattire  of  the 
resistance  coil.     This  being  known,  and  the  apparatus  adjusted 
at  the  ordinary  temperature,  when  the  temperature  of  the  re- 
sistance coil  varies,  this  variation  is  at  once  known  by  observing 
the  quantity  which  must  be  brought  in  or  out  of  the  reostat  to 
produce  equivalence.     The  apparatus  has  done  great  service  in 
watching  the  temperattire  of  large  coils  of  telegraph  wire  which, 
stowed  away  in  the  hold  of  vessels,  are  very  liable  to  become 
heated.  It  might  also  be  used  for  the  continuous  and  convenient 
observation  of  underground  and  submarine  temperatures.     If 
a  coil  of  platinum  wire  were  substituted  for  the  copper,  the 
apparatus  could  be  used  for  observing  the  temperature  of  the 
interior  of  a  furnace. 

239.  Praotloal  determination  of  tbe  speoiflo  beat  of  sub- 

stances. — The  general  principles  which  have  been  enunciated 

in  Chapter  VI.  on  the  methods  of  calorimetry  may  for  practical 

purposes  be  summarised  and  applied  in  the  following  manner  : — 

I.  If  heat  is  conveyed  to  a  body,  it  expands  the  more,  the 

z2 
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more  heat  is  conveyed  to  it.  AVhatever  heat  is,  the  quantity  of 
heat  which  a  body  contains  wore  in  one  state  than  in  another 
must  be  definite  and  connected  with  the  change  from  one  state 
to  the  other. 

2.  For  a  definite  rise  of  temperature  two  different  substances 
of  equal  mass  require  unequal  quantities  of  heat.  The  sub- 
stance which  requires  more  heat  is  said  to  have  a  greater  capcfi- 
city  for  heat. 

3.  If  the  quantity  of  heat  required  to  raise  i  gramme  of 
water  from  0°  to  1°  be  called  the  thermal  unit,  then  the  number 
which  expresses  how  many  such  units  are  required  for  raising 
a  gramme  of  any  other  substance  from  0°  to  1°  is  called  the 
specific  heat  of  that  substance. 

4.  If  Q  =  quantity  required  to  raise  a  body  of  weight  p 
through  t°,  and  h  is  the  specific  heat  of  that  body,  then 

Q  =  HP<  ; 

that  is,  the  quantity  is  proportional  to  the  specific  heat,  to  the 
weight,  and  to  the  increase  of  temperature  required. 

5.  The  specific  heat  of  the  unit  of  volume  means  the  quan- 
tity required  to  raise  i  cubic  centimetre  of  water  or  of  any  other 
substance  from  0°  to  1°.  Clearly,  if  the  heat  required  to  raise  i 
cubic  centimetre  of  water  from  0°  to  1°  is  unity,  the  heat  required 
to  raise  the  unit  volume  of  any  other  substance  will  be  its  specific 
heat  multiplied  by  its  specific  gravity,  or  h'  =  h  s,  s  denoting  the 
specific  gravity  of  the  substance. 

But  s  =  - .-.  h'  =  ?~  or  H  p  =  h' V, 

and  hence  the  quantity  of  heat  required  to  raise  a  given  volume 

through  t°  IB — 

Q  =  h'  V  <. 

6.  Let  p,  p'  be  two  weights  of  the  same  substance,  t,  <'  their 
temperature,  then  experiment  proves  that  after  mixing  an  inter- 
mediate temperature  t  is  obtained.  Supposing  that  no  loss  of 
heat  occurs,  during  mixing,  and  that  the  specific  heat  of  the 
substance  is  the  same  for  all  temperatures,  then — 

(p  +  pOt  =  p*  +  p'«', 

or  T  = J—  . 

p  +  p' 

The  quantity  of  heat  given  off  by  one  substance  must  be 
equal  to  that  received  by  the  other  substance,  provided  the 
specific  heat  is  the  same  for  all  temperattires,  and  if  t>T>f, 

then  p(«-t)  =  p'(t-0- 
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7.  Let  now  p,  p'  be  the  weights  of  different  substances,  having 
different  specific  heats  h,  h'.  The  temperature  of  the  mixture 
will  clearly  approach  more  to  the  temperature  of  the  body  with 
greater  specific  heat  and  greater  mass.  The  equation  between 
the  received  and  lost  heat  requires — 

Hp(^-T)  =  HV(T-f); (0 

therefore  f  —  t  becomes  smaller  in  the  same  proportion  as  h  p  is 
greater  than  h'  p'. 

From  the  above  we  obtain — 

p(«-Ty 

which  gives  the  specific  heat  of  one  body  when  that  of  the  other 
is  known.     For  h'  water  with  specific  heat  =  i  is  taken. 

8.  If  we  suppose  that  h',  p',  i'  refer  to  water,  and  h,  p,  i  to 
the  body,  of  which  the  specific  heat  is  to  be  determined,  then 
H  p  (f  —  t)  represents  the  quantity  of  heat  given  off  by  the  body. 
But  this  heat  is  not  all  received  by  the  water,  for  part  of  it 
goes  to  the  thermometer,  part  to  the  vessel  employed  in  the 
experiment. 

(i)  Let  v  =  weight  of  vessel,  v'  its  specific  heat.  Since  it  is 
at  first  at  <'  (the  temperature  of  the  water)  and  then  at  t,  it 
receives — 

V  i?'  (t  —  <')  units  of  heat. 

(2)  Let  the  glass  of  the  thermometer  weigh  g,  and  let  its 
specific  heat  be  gf',  then  it  receives — 

G  gf'  (t  - 1')  units. 

(3)  Let  the  weight  of  the  mercury  be  m,  specific  heat  m',  then 
it  receives — 

M  m'  (t  -  ^O  units. 

Hence  the  equation  (i)  becomes — 

H p (f -t)  =  (h'p'  +  Vi?'  +  G(7'  +  M  m')  (t - i'\ 

„     h'  p'  +  V  v'  +  G  Of'  +  M  m')     T-t' 
or  H  =» 2 ^  . 

P  t-T 

9.  Three  independent  experiments  are  therefore  required  to 
determine  the  specific  heat  of  the  substance  of  the  vessel,  of  the 
glass,  and  the  mercury. 

(i)  Let  a  weight  v^  of  the  substance  of  the  vessel  be  placed 
in  the  calorimeter  at  the  temperature  t. 

Then  v'i;'(t-T)-vi?'(T-f)  =  (p'  +  GSf'  +  MmO(T-0- 
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(2)  A  weight  of  glass  o'  is  now  placed  in  the  calorimeter, 
and  we  have  similarly — 

o'gf'(<-T)-o/(T-f)  =  (P'  +  v«'  +  Mm')(T-0- 

(3)  Finally,  a  weight  of  mercury,  m',  is  proceeded  with  in  the 
same  manner,  and  we  obtain — 

M'm'(^-T)-Mm'(T-O  =  (^'  +  G/  +  v«0(T-O- 
We  have  thus  three  equations  with  three  unknown  quanti- 
ties, viz. ,  xf  ^  g\  m\  which  may  thus  be  calculated. 

The  value  Vt/  +  ogf'  +  Mm'  =  wis  called  the  Water-equivalent 
of  the  calorimeter  and  thermometer,  for  this  value  expresses  the 
quantity  of  water  which  would  have  received  the  same  incre- 
ment of  heat  as  the  calorimeter  and  thermometer. 
We  have  therefore — 

(pN-w)  (t-0 
p       («-t)* 

10.  When  the  calorimeter  receives  heat  from  the  heated 
body,  and  its  temperature  thus  rises  above  the  surrounding 
objects,  it  loses  at  once  heat  by  radiation,  and  the  final  tem- 
perature is  less  than  it  ought  to  have  been  if  no  loss  had  taken 
place.  This  heat  must  therefore  be  observed  and  taken  into 
account.  If  this  heat  could  have  raised  the  calorimeter  through 
N  degrees,  then  the  increase  of  temperature  of  the  calorimeter 
would  have  been  t  +  n  —  f ' ;  hence  the  formula  corrected  stands 

thus — 

(p^  +  w)(T  +  y-0 

p(<-t) 

Practically,  the  loss  may  be  avoided  by  making  a  prelimin£^ 
trial,  to  see  approximately  by  how  much  the  temperature  of  the 
water  in  the  calorimeter  will  be  raised  by  the  introduction  of  the 
hot  body.  If  it  is  raised  through  6  degrees,  then  select  the  water- 
temperature,  so  that  it  may  be  ^  ^  degrees  below  the  temperature 
of  the  surrounding  air.  The  temperature  of  the  mixture  will 
then  be  ^6  higher,  and  what  is  then  lost  will  have  been  received 
at  first. 

The  actual  loss  by  radiation  may  however  be  determined  by 
direct  experiment. 

Suppose  Q  the  loss  of  heat. 

Then,  by  the  preceding  principles, 

Hp(«-T)  =  (p'+w)(T-r)  +  Q 
where  f^  =  temperature  of  air,  and  the  remainder  of  the  notation 
the  same  as  before. 

Take  now  a  weight  p'^  of  a  body  of  known  specific  heat  h^', 
so  that  p''  H^'  («  -  t)  =  (p'  +  w)  (T  -  i/% 
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and  throw  it  into  the  same  quantity  of  water  ;  we  shall  then 
have  a  temperature  of  the  mixture  t',  which  will  differ  from  t 
only  very  little,  and  we  shall  have 

p''  h''  (^-t')  =  (p'  +  w)  (t'  -  f')  +  Q, 

from  which         Q  =  (p'  +  w)(ll=^liizi^. 

11.  Calorimeter  with  ice. — Here  the  fall  of  temperature  is 
due  to  the  ice,  and  its  conversion  into  water.  The  quantity  of 
heat  H  p  /  is  expended  in  the  melting  of  ice,  the  resulting  water 
having  the  weight  p.     If  another  body  gives  h'  p'  t^  —p' 

...41«=^,orH=H'^; 

H   pV       p'  Ttp 

but  for  water  h'  p'  *'  x  79*5  =  jj' 

.-.  H  =  79-5-2^. 

Ft 

12.  Method  of  Cooling. — A  body  which  cools  loses  heat  at 
first  rapidly,  then  more  and  more  slowly.  But  for  a  small 
difference  of  temperature  r,  the  loss  of  heat  h  p  r  may  be  con- 
sidered uniform.     If  the  time  required  for  the  loss  is  f,  then 

J.         V    PHr 

PHr  =  aC,  or  C= j 

a 

where  a  is  a  constant,  which  depends  on  the  temperature  t  of  the 
body  and  the  nature  of  the  surface  which  loses  heat.  If  the 
cooling  proceeds  from  t  to  f,  then  z',  the  whole  time,  will  be 

the  sum  of  all  the  quantities  (  p  h  —  j, 

or  z'  =  2(pH  -^Y 

which  is  proportional  to  the  »weight  of  the  body  and  the  specific 
heat.  Let  j^ow  a  vessel  (weight  p,  specific  heat  h),  be  filled  suc- 
cessively with  weights  p,  p',  of  the  substances,  whose  specific  heat 
is  H,  h'  respectively.  Observe  the  times j  z,  z',  it  takes  for  the  same 

amount  of  cooling  from  tiot^  degrees ;  then  since  2  f  —  )  is  con- 
stant, we  have 

z  =  (p  H  +^  ^)  2  — , 

a 

and  z'  =  (p'H^+j)/^)2l, 

from  which  H  -  h'^^,  +  h^(^  ^1) 

PZ'  p '  z  / 
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240.  Problems  on  specific  beat. —  i.  A  pound  of  mercury, 
at  the  temperature  of  100°,  is  mixed  with  i  lb.  of  water  at  7°  C. 
The  temi>erature  of  the  mixture  is  found  to  be  io°.-  Find  from 
tlus  the  specific  heat  of  mercury. 

Here  we  have,  calling  the  specific  heat  x — 

1x7  +  100  XXXl  =  IXlO+IXflCXlO 

•*' — so  > 
or  since  10  —  7  =  heat  received  by  the  water 

and  (100  — 10)35  =  heat  given  up  by  the  mercury, 

.•,  io-7e:(ioo-  10)  X 

.  • .  3c « 3~,  as  before. 

2.  Given  two  substances,  at  the  temperatures  ^j,  t^^  re- 
spectively, and  having  the  specific  heats  /ij  and  h^.  If  a  mixture 
is  to  be  made  of  both,  weighing  j}  pounds  and  having  a  tem- 
perature t°,  how  much  of  each  substance  must  be  taken  ? 

Let  jc,  1/,  be  the  quantities  of  each  substance  required. 
Then— 

(i)  x  +  i/  =  p. 

(11)    /ij  X  35  X  (^°  —  <i)  =  /I2  X  t/  X  (<2 ~0- 

because  the  heat  lost  by  one  substance  must  be  equal  to  that 
gained  by  the  other.  Hence,  solving  the  two  equations,  we 
obtain — 

3.  A  sphere  of  copper,  which  weighs  3  lbs.,  is  heated  to  100°, 
and  then  placed  in  Laplace's  calorimeter.  The  water  dis- 
charged weighs  0*38  lb.  Find  from  this  the  specific  heat  of 
copper. 

Taking  80  thermal  units  as  the  quantity  required  to  melt 
I  lb.  of  ice,  then  0*38  lb.  requires 

0*38  X  80  units. 

The  copper  gives  up  this  quantity,  that  is,  it  loses 

3  X  100  X  jc  units 
if  X  is  the  specific  heat  of  copper  ;  hence — 

0*38  X  80  =  3  X  100  X  X 
x  =  o-ioi33. 

4.  A  spherical  balloon  of  0*14  metre  radius  is  filled  with 
mercury  at  70°.  The  merciuy  is  then  poured  into  water  at  its 
greatest  density,  which  fills  half   of  a  cylindrical  vase,    o'np 
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metre  high  and  having  a  diameter  of  0*40  metre.  What  will 
be  the  temperature  of  the  mixture  ?  (Specific  gravity  of  mer- 
cury 1 3 "59,  coefficient  of  expansion  o  000 18024,  and  specific 
heat  of  mercury  0.033.) 

(a)  Volume  of  balloon  =  *7rr'=s4x  i  -047  x  2  744  decimetres 
=  11  '494  cubic  decimetres. 

Density  of  mercury  at  70°  «  ^-4^ =134 107. 

^  ^  1+0-00018024  +  70       ^^     ' 

Weight  of  the  mercury  =  11*494  x  13-4107  =  154-142  kilo- 
grammes. 

(6)  Volume  of  the  water  =  i?^^^  =  3-1416x4x4  ^25.^3^ 

cubic  decimetres. 

Weight  of  this  water  25-133  kilogrammes. 

If  X  be  the  temperature  of  the  mixture,  the  heat  received  by 
the  water  is 

25-133  (ac-4)     .     .     .     (i), 
and  that  lost  by  the  mercury  . 

154-142  (70-a;)  -033   .     .     (11), 
equating  (i)  or  (11),  a;  =  1 5  "2°. 

5.  A  sphere  of  platinum  of  0*05  metre  radius,  at  95°  C, 
is  plunged  into  two  litres  of  water  at  4°  C.  Find  the  tempera- 
ture of  the  mixture.  (Specific  gravity  of  platinum  22-01  ; 
specific  heat  0-0324  ;  coefficient  of  dilatation  0*000008842.) 

If  p  is  the  weight  of  the  platinum,  then  if  x  is  the  temperature 
of  the  mixture,  we  have  the  equation — 

p  (95  - ar)  0*0324  =  2  (aj  -  4). 

To  determine  p  we  have — 

(i)  Volume  of.  sphere  at  95°=^|  tt  r^  =  4x  1*047  x  125  ==523*5 
cubic  centimetres. 

(2)  Its  volume  at  0°  = 5?3_J —    — «  523*06. 

^  '  I  +  95  X  *ooooo8842 

(3)  Its  weight  523*06  X  22*07  =  1 1544  kilograiiimes. 
Substituting  this  value-  for  p  in  the  above  equation,  .•.«  =  18*^*3. 

6.  10  lbs.  of  iron  at  100°  are  placed  into  18  lbs.  of  water  at 
1 5°,  and  the  temperature  is  constant  at  20°.  Find  the  specific 
heat  of  iron. 

If  X  the  specific  heat  of  iron,  then  the  thermal  units  in  the 
water  before  mixing  and  afterwards,  together  with  those  of  the 
iron,  must  be  equal  : 

,•.  i8x  i5+«x  10  X  100  «  18  X  2o  +  a5x  lox  20 

a;-*ii25. 
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Or  thus  :  the  water  receives  1 8  (20  —15)  units,  the  iron  gives  up 
10  (100  —  20)  ic .  • .  18  X  45  =  800  x,  or  %  as  before. 

7 .  Ten  grammes  of  sodic  chloride  at  9 1  °  having  been  immersed 
in  1 25  grammes  of  oil  of  turpentine  at  1 3°,  the  temperature  of  the 
mixture  was  16°.  Find  the  specific  heat  of  sodic  chloride,  if 
that  of  turpentine  =  0*428. 

Loss  of  chloride  10  (91  — 16)  oc  =  7500;  units. 
Gain  of  tiupentine  125x3  =  37  5. 

05  =  5^=  L=o'5. 
750     2 

Specific  heat  of  salt  =  0*5  x  0*428  =  '214. 

8.  In  order  to  determine  the  specific  heat  of  a  piece  of 
metal,  the  following  operations  were  carried  out. 

(a)  The  water-equivalent  (see  Art.  102,  page  no)  of  the  vessel 
and  stirrer  was  determined.  Both  parts  were  made  of  brass,  and 
weighed  together  19  grammes.  The  specific  heat  of  brass  is 
=  0*094.     The  equivalent  therefore  is  19  x  0*094  =1*8  gramme. 

(6)  The  equivalent  of  the  thermometer  was  found.  It  was 
warmed  to  45°,  and  plunged  into  a  small  vessel  containing  20 
grammes  of  water  of  the  temperature  of  1 6^*25.  The  tempera- 
ture then  rose  to  17°*  10.  The  equivalent  of  the  thermometer 
therefore  amounts  to 

^^     17*10-16*25     ^., 

20  X  _i -^  =  00  gramme. 

45-17-1 

The  equivalent  of  the  solid  parts  of  the  calorimeter  is 
therefore 

I  '8  +  o*6  =  2*4  grammes. 

(c)  The  body  weighed 48*3  grammes. 

The  water  weighed  74  grammes;  adding 
the  water  equivalent  of  the  calori- 
meter, viz.  2  *4  grammes,  the  weight  is  76*4        ,, 

The  temperature  of  the  hot  body  was  .  96^*7 


The  initial  temperature  of  the  water    .   1 1  '05 


if 


>> 


The  final  temperature  .     .     .     .  •.     .   i6°74     „ 
(The  temperature  of  the  room  was  14°.) 
Hence  we  find  the  specific  heat  of  the  body 

76*4     16*74—11*05 
=  ' — -  •      ,^^ — - — i-0*II25. 
48-3     96*7-16*74 

9.  Still  more  accurate  is  the  following  determination  of'  the 
specific  heat  of  a  sample  of  copper  wire. 

(a)  The  calorimeter  and  stirrer  were  made  of  brass,  and 
weighed  together  14*5  grammes,  taking  only  those  portions  into 
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account  which  were  afterwards  immersed  in  or  filled  with  water. 
Taking,  again,  the  specific  heat  of  brass  as  0*094,  the  equivalent 
of  vessel  and  stirrer  is — 

1 4 '5  X  0*094  =.  I  '36  gramme. 

(6)  In  order  to  determine  the  equivalent  of  the  thermometer, 
the  calorimeter  was  filled  with  35  grammes  of  water  at  14°* 5 2, 
the  thermometer  was  heated  to  34° '2  and  quickly  immersed  in 
the  water  of  the  calorimeter,  which  rose  to  14° '63.  This  gives 
the  equivalent  of  the  thermometer  : 

(35  +  1*36)  (14.63-14*52)    ^.^  _ 
«  ^^2 J  /  \  *t    J — *r  J  /  «  o  *2  gramme. 

34*2 -14-63 

(c)  The  copper  wire  was  contained  in  a  small  test-tube 
during  the  experiment,  of  which  the  equivalent  was  deter- 
mined in  a  similar  manner,  as  for  the  thermometer,  using  in 
this  determination 

35  +  I  '36  +  0*2  =s  36*56  grammes 

as  the  quantity  of  water  heated.  The  equivalent  of  the  vessel 
was  foimd  to  be  0*63  gramme. 

(d)  The  temperature  in  the  little  vessel  which  contained  the 
hot  body  was  found  by  previous  experiment  to  be  0^*26  higher 
than  the  maximum  temperature  which  the  calorimeter  reached. 

(e)  The  weight  of  the  copper  wire  was  .     .     .20*5  grammes 

,,  ,,         water  in  the  calorimeter     1*5        ,, 

The  temperature  of  the  hot  body   .     .     .  50^*3       „ 
The  initial  temperature  of  the  calorimeter  14" '4       „ 

The  final  „  „  „  i7°-94     „ 

(The  temperature  of  the  air  16^ '2.) 

From  these  data  we  obtain  the  specific  heat — 

« 

_36*56  (17*94- i4'4)-(Q'63  + 1*5)  (5Q'3-(J7'94  +  o26)) 

20*5  (50*3 -(17 '94 +  0*26)) 
=  0*0927. 

'  10.  A  constant  source  of  heat  is  capable  of  heating  6  kilo- 
grammes of  water  in  two  minutes  from  10°  to  30°.  What  time 
will  be  required  to  heat  200  kilogrammes  of  iron  from  20°  to 
520°  by  the  same  source  of  heat  ? 

(The  specific  heat  of  iron  -0*11 379.)     ^ 
The  time  required  will  clearly  be  proportional  to  the  thermal 
units  required  by  each  substance  to  heat  it  through  the  required 
range  of  temperature.  Now  the  water  requires  6  (30  —  10)  units  ; 
the  iron  requires  200  (520-20)  '11379  units. 
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Hence — 

6  X  20  :  200  X  500  X  o*i  1379 : :  2  minutes  :  x 
tc- 189*65  minutes  =  3h.  9*65  minutes. 

241.  Pyrometrlc  tt«e  of  gpedllo  beat. — If  the  specific 
heat  of  a  substance,  and  its  variation  with  a  rise  of  temperature 
be  known,  then  the  temperature  to  which  a  substance  has  been 
exposed  can  be  calculated  if  a  definite  weight  of  the  body  be 
immersed  in  a  given  quantity  of  water,  and  the  initial  and 
final  temperature  of  the  water  in  the  calorimeter  be  observed. 
The  following  examples  will  serve  to  show  that  the  temperature 
of  fiu'naces  may  be  determined  very  accurately  in  this  manner, 
if  the  exi^eriments  are  conducted  with  sufficient  care. 

1 .  The  specific  heat  of  platinum  between  cP  and  f  C.  is 

s  =  0*03308  +  0*0000042 1. 

If  a  sphere  of  platinum,  which  weighs  150  grammes,  be 
placed  in  a  furnace,  of  wliich  the  temperature  is  1000°  C,  find 
the  temperature  to  which  i  kilogramme  of  water  at  10°  will  be 
raised,  if  the  sphere  be  removed  from  the  furnace  and  imme- 
diately thrown  into  the  water. 

The  temperature  of  the  water,  introducing  the  numerical 
values  into  the  equation  which  gives  the  specific  heat  by  the 
method  of  mixtures,  making  the  temperature  the  unknown 
quantity,  will  be — 

.  _  1000  X  I  X  10  +  150  (0*03308  +  0*0000042  X  1000)  1000 

1000  X  I  +  150(0*03308  +  0*0000042  X  1000) 
-I5°*505. 

2.  In  the  preceding  problem  the  temperature  of  the  furnace 
has  been  assumed  as  being  given,  and  the  temperature  of  the 
mixture  was  supposed  to  be  unknown.  The  same  equation 
will  obviously  give  the  temperature  of  the  hot  body,  if  the  tem- 
l^erature  of  the  mixture  is  observed  and  therefore  known. 

Thus,  let  the  same  sphere  of  platinum  be  removed  from  a 
hot  furnace  of  unknown  temperature  and  thrown  into  i  kilo- 
gramme of  water,  of  which  the  initial  temperature  was  1 5°  Q. , 
while  the  temperature  was  21*^*05  after  the  platinum  sphere 
was  thrown  into  it.     Then,  calling  i  the  unknown  temperature  : 

150  (0*03308  +  0*0000042  t)  (*  — 21*05)=  1000x6*05. 

This  leads  to  a  quadratic  equation,  of  which  the  two  roots  are 

-8945*76,  +  1090*72, 

(jf  which  only  the  latter  value  is  admissible.     Hence  the  tempe- 
rature of  the  furnace  was 

1090**72. 
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242.  The  two  specific  beats  of  air. — It  has  already  been 
pointed  out  in  Art.  109,  page  117,  that  the  specific  heat  of  a 
gas  or  vapour  under  a  constant  pressure  is  greater  than  under 
a  constant  volume.  The  ratio  of  these  two  specific  heats  of  a 
gas — for  example,  air — is  of  great  importance  in  several  physical 
doctrines,  and  of  the  methods  of  determining  this  ratio  that 
devised  by  Clemetit  and  Desomies  will  be  explained  in  this 
article.  Suppose,  in  Jig.  87,  a  large  globe  a  filled  with  dry  air 
under  the  ordinary  pressure 
of  the  atmosphere,  having  a 
volume  v  at  the  temperature 
t°.  Let  the  globe  be  con- 
nected with  a  small  pressure 
gauge  6,  and  be  capable  of 
being  opened  and  closed  at 
will  by  the  stopcock  a,  while 
c  forms  a  connection  with  an 
air-pump.  If  while  a  is  closed 
a  small  quantity  of  air  be 
pumped  out,  and  c  be  also 
closed  afterwards,   the  pres- 


Fig.  87. 


sure  will  fall  from  the  atmospheric  pressure  6  to  6-/3,  as  indi- 
cated by  the  gauge.  If  s^  be  the  specific  gravity  of  air  at  0°  or 
760  millimetres  pressure,  and  y  the  coefficient  of  expansion,  we 
shall  have  the  following  physical  state  of  the  air  in  the  globe — 

Volume.  Pressure.  Temperature.  Specific  Gravity. 


6-/3 


t 


760      I  i-yt 

If  now  the  stopcock  a  is  quickly  opened,  air  enters  the  globe, 
and  the  pressure  of  the  air  inside  is  again  equal  to  the  atmo- 
spheric pressure  6.  But  the  volume  v  which  was  previously  in 
the  interior  of  the  globe  is  diminished  in  consequence  of  the 
increase  of  pressure,  and  becomes  v  —  ir.  But  as  the  compression 
produces  a  rise  of  temperature  of  6°,  we  shall  now  have  the 
following  values  for  the  above  relations — 

Volume.  Pressure.  Temperature.  Specific  Gravity. 


Y-V 


S, 


760     i+rC^  +  ^i)' 

Let  the  stopcock  a  be  again  closed  ;  the  increase  of  temperature 
^,  will  now  disappear,  and  the  pressure  will  fall  from  6  to  6  — /Sj. 
We  shall  therefore  now  have  the  following  values  for  the  above 
relations- 
Volume.  Pressure.  Temperature.  Bpedflc  Gravity. 


V  — t? 


6-/3, 


So- 


760       I+y« 
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In  all  three  states  the  weight  of  the  gas  was  the  same,  hence 
the  products  of  the  volumes  into  the  specific  gravity  must  be 

a 

the  same  ;  hence,  leaving  out  the  common  factor  -^,  we  have 

the  thi'ee  equal  quantities — 

y(&-g)  -(r    r)         ^  =  (v-t,^lr^• 

l+yt     ^        ^+y(<  +  tf,)      ^         'l-yt' 

from  which  tf,  and  v  may  be  determined — 

e,  =fl,  X  -l±yA,  and   1=^Z^ 
'      '    (6-/3,)y'  V    b-P,- 

We  know  that  if  a  certain  weight  of  air  p,  having  a  volume  v  at 
the  temperature  t°,  be  heated  through  a  small  increase  of  tem-- 
perature,  then  the  increase  in  volume  v  will  be  v^y^,  where 
Vq  is  the  volume  at  o°,  and  since  v-v^  (i  +  y  t),  we  conclude 
that  the  increase  of  temperature  required  for  a  definite  increase 
n  volume — 

Hence  in  this  case,  calling  c  the  heat  required  for  the  weight  P, 
when  there  is  increase  of  volume,  and  c^  that  required  without 
it- 
Specific  heat  under  constant  pressure _  c  _B  +  6^ 
Specific  heat  under  constant  volume      ^        3^ 

if  the  above  values  for  B  and  3^  are  substituted. 

In  this  manner  by  only  observing  on  the  gauge  the  changes 
of  pressure  ^,  /Sj,  Clement  obtained  the  ratio  =  1*35.  More 
recent  observations  by  Masson  and  Dupr^  gave  it  as 

a  value  which,  as  will  be  seen  further  on,  may  be  also  obtained 
by  various  other  physical  methods. 

243.  Xiatent  beat. — A.  Let  a  solid  substance,  which  weighs 
M  kilogrammes,  have  the  specific  heat  w,,  temperature  t°,  and 
let  its  fusing  point  be  t/.  Let  it  be  mixed  with  m  kilogrammes 
of  a  substance,  which  has  a  specific  heat  ^w,  and  a  temperature 
t.  The  M  kilogrammes  become  fused  by  the  heat  given  up  by 
the  m  kilogrammes,  and  when  equilibrium  is  restored  the 
whole  has  a  temperature  of  r°,  while  the  specific  heat  of  the 
fused  substance  in  the  liquid  state  is  w.     From  these  deter- 
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minations  we  may  find  the  latent  heat  of  fusion  of  the  melted 
substance  =  X/. 

The  m  kilogrammes  have  cooled  from  t°  to  r°,  and  have 
given  up  (<  —  r)  m  117  units  of  heat.  This  heat  has  been  used  as 
follows  : — 

(a)  M  kilogrammes  have  been  raised  from  t  to  T/,  and  have 
required  for  this  increase  of  temperature — 

(T/-  t)  m  Wj  units. 

(6)  The  same  weight  has  been  fused,  and  required — 

mX  units, 

(c)  The  same  weight  of  the  fused  substance  has  been  raised 
from  T/  to  r,  and  required — 

M  w  (r  —  T/)  units. 
Hence  we  have  the  equation — 

mit;  (<-t)  =  m  Wj  (t/-t)  +  m  X  /Mw(T-Ty). 
From  which  we  obtain — 

Latent  heat  of  fusion  =  -  it;  (*  -  r)  —  Wj  (T/— t)  -  w  (r  —  t,). 

M 

Any  other  unknown  quantity  may  be  clearly  found  from  this 
equation  if  the  others  are  given. 

If  the  temperature  is  already  at  the  fusing  point,  the  term 
Wi  (Tyr—  t)  disappears.  If  the  solid  and  liquid  substance  is  the 
same,  w  =  w,  and  the  equation  becomes — 

Latent  heat  =  1  -   (<  —  t)  —  (r  —  T/)  J  w. 

For  water  w  =  I, 

Ty  =:  0°  hence  latent  heat  =  — (t —t)—t. 

Example. 

The  fusing  point  of  lead  is  330°  ;  its  latent  heat  of  fusion  is 
5*369.  The  specific  heat  of  solid  lead  is  0*03144,  that  of 
molten  lead  0*0402.  Find  (i)  the  weight  of  a  solid  piece  of 
lead,  at  300°  C,  which  was  exactly  fused  by  throwing  it  into  20 
kilogrammes  of  liquid  lead  at  400°  ;  (11)  the  weight  of  a  solid 
piece  of  lead  at  330°  C,  under  the  same  circumstances. 

The  above  formula  becomes,  transformed — 

M  ^ w  (t  —  r) 

m    X^+  Wj  (Tyr-T)  +  w  (r-T/)* 
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(i)  In  this  case 

M  0*0402(400  —  330)  /,  ,  \ 

—  =  — -, — — — ,  ^^  ' r^  (because  r  =  t/=  330) 

20     5 -369 +  0-03 144  (330-300)^ 

M  =  8  '9 1 6  kilogrammes. 

(11)  Here  t  =  Tyr=  r  =  330 

.    M        0*0402  (400  —  330)  ,^..«  1  •! 

.•.—  =  — -t — 13  — 22_/   M»  10*42  kilogrammes. 
-     20  5*369 

B.  By  the  action  of  a  constant  source  of  heat  a  solid  body 
of  temperature  ^°  and  specific  heat  i«?i,  is  raised  in  Zj  minutes  to 
the  temperature  ^1°,  and  further  its  temperature  reaches  the 
fusing  point  <°/ ;  z^  minutes  now  elapse  before  it  is  completely 
fused.  The  temperature  then  rises  ;  the  liquid,  which  has  a 
specific  heat  of  to,  increases  in  Zg  minutes  its  temperature  to  ^3°, 
and  finally  its  point  of  ebullition  t°.  In  z^  minutes  it  is  com- 
pletely evaporated.  Find  from  this  the  latent  heat  of  fusion  and 
of_evaporation,  X/  and  X,. 

If  the  substance  has  the  mass  m,  then  the  luiits  of  heat  pro- 
duced by  the  constant  source  are — 

In   Zj  minutes  m  lUi  (f ^  —  f )  .  * ,  in  i  minute lLiHJ  j  which 

^1         I  two  are 
In  Z3  minutes  mw;  (^3-^2) .'.  in  i  minute  *^  ^  (^s ~ ^ j  equal. 

Now  during  the  Zg  minutes,  when  no  sensible  heat  was  pro^ 
duced,  the  heat  being  employed  in  fusing,  the  source  gave  oflf — 

*""''(*■-*>  z„  or  what  is  the  same  "*^  <*»-*')  z„ 

which  is  clearly  -m\f-  the  units  required  for  fusing  ; 
or  X^  =  ?a.  (<i -<)  tCi,  or  =  ^3  («3 -<a)  «;. 

Similarly  during  the  z^  minutes  of  vaporisation  the  heat 
given  off  was 

_  z„  or z„ 


Example. 


.•.X.  =  -i  tPj  (ti-i),  or  ^  ^(^s-^a)- 
^1  Z3 


A  piece  of  tin,  specific  heat  -  o'05628,  is  heated  from  1 5°  C.  to 
75°  C.  in  14*216  minutes.  When  arrived  at  its  fusing  point, 
230°  0. ,  a  full  hour  elapsed  before  it  was  melted  completely. 
Find  the  latent  heat  of  tin. 
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Here  i(7i«  0*05628. 
t    =15°. 

^  =75°. 
'    Zi  =  14*216  minutes. 

Z2  =  60  minutes. 

.  • .  V=  Y^j^  0.05628  (75-15)  =  14*2523. 

If  these  experiments  are  to  be  correct,  the  mass  and  specific 
heat  of  the  vessel  must  be  known,  and  then  the  formula  becomes 

Z 

X/-    *  (<i  —  t)  (m ii?!  +  M  w) 

if  M,  w,  are  respectively  mass  and  specific  heat  of  the  vesifel. 

Further  examples  : — 

(i)  3  lbs.  of  ice  mixed  with  7  lbs.  of  water  at  100°,  give  water 
at  46°*2.  What  heat  has  become  latent  in  the  melting  of  i  lb. 
of  ice  ? 

The  7  lbs.  of  water  have  first  700  thermal  units  more 
than  at  0°. 

The  10  lbs.  of  water  after  melting  have  10  x  46*2  =  462  thermal 
units. 

The  3  lbs.  of  ice  .  • .  required  700  —  462  =  238  units . ' .  each  lb. 

"  —  =  79 '3,  that  is,  as  much  as  is  required  to  heat  i  lb.  of 

water  to  79° '3. 

Or  3  flc  +  10  X  46*2  =  7  X  100 

aj  =  79'3. 

(2)  What  will  be  the  temperature  of  water  if  3  lbs.  of  ice  are 
placed  in  4  lbs  of  boiling  water  ? 

4  X  100  —  3  X  80  =  7  X 

X  =  -  =  22°-86. 
17 

(3)  How  many  pounds  of  snow  must  be  mixed  with  6  lbs.  of 
water  {t  =  95°)  to  obtain  water  at  10°  0.  ? 

(6  +  »)  10  +  X  X  80  =  6  X  95,  x  =  5|  lbs. 

(4)  Ice  at  0°  is  exposed  to  a  constant  source  of  heat. 

It  melts  in  8  minutes  ;  the  water  boils  in  10  minutes  more, 
and  is  boiled  away  in  54  minutes  more,  the  temperature  re- 
maining constant  during  the  time  since  it  commenced  boiling. 
Find  from  this  experiment  the  latent  heat  of  water  and  steam. 

(5)  A  pound  of  steam  at  100°  C,  is  passed  into  5 '4  lbs.  of 
water  at  0°.  What  will  be  the  temperature  of  the  6*4  lbs.  of 
water  ? 

Y 
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The  steam  contains  640  thermal  units  ;  hence  the  tempera- 
ture of  the  whole  will  be  100°. 

(6)  Four  pounds  of  steam  at  100°  are  carried  into  60  lbs.  of 
water  at  0°.  What  will  be  the  temperature  of  the  whole  after 
condensation  ?  What  would  have  been  the  temperature  if  the 
water  had  already  been  at  16°  C? 

(a)  4  X  640  units  are  distributed  over  64  lbs.     Each  pound 

receives  .  * .  -4 —  =  40,  and  is  therefore  at  40°.     Or,  if  x  be  the 

04 
temperature,  60  x  x  =  4  (640  —  x),x  =  40. 

O)  60  (aj  -  16)  =  4  (640  - x),  X  =  55°. 

7.  How  many  pounds  of  steam  at  121°  C.  are  required  to 
heat  300  lbs.  of  water  from  1 1°  to  28°  ? 

The  increase  of  temperature  being  17°,  the  units  required 
are  17  x  300  =  5100. 

But  lib.  of  steam  at  121°,  condensed  into  water  at  28°, 
gives  up  1 2 1  +  5 1 9  -  28  units, 


"">' 


=  612,  ,•,  ^ —  =  8|  lbs.  are  required. 

Or  thus  :  300  (28  -  1 1)  =  x  (640  -  28),  x  as  before. 

8.  A  piece  of  tin  is  melted.  What  would  be  the  tempera- 
ture of  the  molten  mass,  if  the  heat  required  for  the  change  of 
state  had  become  all  sensible  ? 

Latent  heat  of  tin=  14*3. 
Specific  heat  of  tin  =  0*0562. 
Temperature  of  melting  point  235°. 

The  latent  heat  being  14*3,  means  that  14*3  times  the 
quantity  of  heat  becomes  latent  than  would  be  required  to  heat 
an  equal  weight  of  water  through  1°.  But  since  the  specific  heat  of 
tin  is  0*0562,  the  heat  which  becomes  latent  would  raise  the 

temperature  of  the  same  mass  of  tin  by  -~^    degrees  =*  255. 

Hence  if  no  heat  became  latent,  the  temperatiu*e  of  the  mass 
would  be  235  +  255  =  490°  C. 

9.  How  many  pounds  of  ether  could  be  raised  from  0°  to 
the  boiling  point  (35°*6)  by  the  heat  required  for  vaporisation 
of  I  lb.  of  it  ?    (Specific  heat  of  ether  =  '55.     Latent  heat  91*1.) 

To  raise  x  lbs.  of  ether  from  0°  to  35°*6,  the  thermal  unitd 
required  are  sc  x  -55  x  356,  which  must  clearly  be  derived  from, 
the  latent  heat  of  the  i  lb.,  viz.  91*1, 

.••XX  '55x35 -6  =  91 -I,  x  =  4-65  lbs. 
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10.  Into  20  litres  of  water  at  80*^  a  sphere  of  ice  of  144 
millimetres  radius  is  thrown.  What  will  be  the  temperature  of 
the  whole  after  the  ice  is  fused?  (Latent  heat  79*25.)  (Spe- 
cific gravity  (d)  of  ice  =  '91.) 

The  weight  of  the  sphere  is  w  =  v  •  d. 

w  =  "^^  TT  r^  D  =  A  X  ^  X  -91  X  (i  '44  decim.)«  =  1 1  -38  kilos. 

The  required  temperature  being  aj°,  the  ice  requires  for 
fusion  and  for  raising  it  to  x° 

1 1 -38  (79-25+35)  units  ; 

the  water  loses  20  (80  —  x) 

. '.  20  (80-x)  =  1 1  -38  (79*25)  +  1 1  -38  X 

20  X  80-11*38  X  79*25  :^  31 -38  X 

X-22°*2. 

11.  How  many  kilogrammes  of  steam  will  raise  20  kilo- 
grammes of  water  from  0°  to  90°  ?    (Latent  heat  of  steam  540. 

Lot  X  «  number  of  kilogrammes  required, 

540  X  =  units  of  heat  given  off  in  condensing, 

and  cooling  to  90°  it  gives  off  further  10  x 

.  • .  550  U5  =  units  given  off  by  steam, 

and  20  X  90  =  heat  taken  up  by  the  water 

.•.  550  x  =  1800 

35  =  3*372  kilogrammes. 

12.  (a)  5  oz.  of  water  at  40°  C.  are  poured  over  i  oz.  of  ice. 
What  is  the  temperature  of  the  mixture  ? 

5x40-80^^^0^ 
6 

(b)  If  the  whole  of  this  quantity  of  water  be  boiled  away, 
and  the  steam  directed  into  a  pound  of  water  at  0°,  what  tem- 
perature will  the  water  have,  and  how  much  of  it  will  be  left 
after  the  experiment  is  completed  ? 

We  have  6  oz.  of  water. 

I  oz.  in  boiling  away  heats  5i  oz.  to  100°  (i.e.  gives  off  550°) 
.'.6  oz.  in  boiling  away  heat  33  oz.  to  100°  (i.e.  give  off  3300°). 
But  here  only  16  oz.  are  presented .  * .  only  1600  units  are  required 
for  raising  the  temperature  of  the  pound  of  water  to  100°, 
.•.1700  units  are  at  our  disposal  for  converting  some  of  the 
boiling  water  into  steam  ;  now  550  units  will  boil  away  i  oz. 

.  • .  i7op  =  34  _  2 1  Q2.  will  be  boiled  away,  and  6  +  16  -  3^^  =  i8|^?oz 
550      II       "  "         " 

will  be  left. 

t2 
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244.  IKlztorss  «r  ▼mpoiirs  and  si»as. — ^Let,  ist,  T  be  a 
Tolume  of  dry  air,  at  pressure  h.  which  becomes  saturated  with 
Tapoor.  Find  itjs  new  Tolume,  the  temperature  and  pressure 
remaining  the  same. 

Let  F  be  the  tension  of  the  satarated  vapoar,  then  h  —  F 
must  be  the  tension  of  the  air  in  the  mixture. 

But  V  H  =  v'  (h  —  f),  v'  being  the  new  volume 

•    •   •  ^^^^^  • 

H-F 

2.  Let  T  =  Tolume  of  saturated  air  at  pressure  h  and  tempera- 
ture t.  Find  v'  at  any  other  pressure  h',  and  temperature  t', 
when  it  is  also  saturated. 

Let/,  /  be  the  tensions  at  f ,  t'  of  saturated  vapour.    Then  the 
air  in  both  mixtures  has  respectively  the  tensions  h  — /,  h'  —fy 
and  if  the  temperature  were  unchanged . ' .  v  (h  — /)  =  v'  (h'  —f), 
but  the  volumes  v,  v'  are  as  (i  +  a  f)  :  (i  +  a  <') 

.\y'{l+at)^y(l+at').\y(l+ar)(H-f)  =  \\j+at){H'-f) 

.'.  V'  =  V  ■  I  +at'  •  H-/ 

(i+a«;.(H'-/0 

3.  Find  the  weight  p  of  a  volume  of  air  v,  saturated  with 
aqueous  vapour  at  the  temperature  t,  and  pressure  h.  Let  f  be 
the  tension  at  t,  then  the  air  has  the  tension  h  —  f,  or  we  have 
to  find  : 

1.  The  weight  of  volume  v  of  air  at  t  under  pressure  h  —  f. 

2.  The  weight  of  volume  v  of  vapour  at  t  under  pressure  f. 

I  St.  One  litre  of  air  weighs  i  "293  grammes  at  0°  degrees  and 
760  millimetres. 

.  • .  V  litres  weigh  v  x  i  -293  grammes  ; 


weight  at  t 


^    V  X  I  -293 


I  +  'oo^66s  <' 

and  at  pi'essure  h  —  p  ; 

weights  4  \' '^93(8^^0 
760  (i +-CX53655Q 

2nd.  Since  density  of  steam  =  |  of  air,  we  have  for  the  weight 
of  the  vapour  : 

V  X  I  '293  X  F  X  5 
760  ( i  +  -003665  t)S 

.•.woightofwhole  =  -V-;— ^^(^-/)  +      VXI-293FXS 

760(1  f -003665  ^ 


760  (i  +.003665  «) 8 


V  X  I  -293     .       3    . 
(TTa0  765^^"«''^- 
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245.  Problems  on  the  tension  and  density  of  Tapours. 

— I.  Steam  at  100°  and  760  millimetres  pressure  has  1700  times 
the  volume  of  water  at  0°  which  produced  it ;  atmospheric  air  at 
0°  and  760  millimetres  pressure  has  ^^z  times  the  volume  of  an 
equal  weight  of  water  at  0°.  Compare  from  this  the  density  of 
steam  and  air  at  100°  C.  and  760  millimetres  pressure. 

TOO       ^7^ 

A  unit  volume  of  air  at  0°  is  at  100°  =  i  + =  ^'-^  ; 

273     273 

its  density  at  0°  being ,  it  is  at  100°^=       '^     — 


77  z  yiznz    1052 

Hence  steam  at  100°  degrees  :  air  at  100::-^  :  _I_ ::  '62  :  i 

1700     1052 

a  ratio  which  is  also  adopted  for  other    temperatures  (and 
tensions)  common  to  the  steam  and  the  air. 

2.  The  tension  of  aqueous  vapour  at  o^  is  5  millimetres. 
What  is  its  density? 

Sinc^  air  under  a  pressure  of  5  millimetres  has  a  density  of 

-—  of  the  air  under  the  pressure  of  760  millimetres,  its  density, 
7t)o 

compared  with  water,  would  be  — - .  — . 

77Z    7(50 

But  density  of  air  :  density  of  steam  18:5 

.  • .  density  of  steam  at  5  millimetres  =  \  •  —  •    ?  -  =  '0000054 

8     773     760 

3.  What    is    the    density  of  saturated   steam   of  40°  C.  ? 
(Tension  =  53  millimetres.) 

I  volume  of  air  at  o*'  is  i  +  —  «  5_?  at  40° 

237     273 


, ' ,  its  density  = ——% 

3i3'773 

and  under  a  pressure  of  53  millimetres 


_       53  X  273 
760x313x773 


.  • .  density  of  steam  =  c  x  v^  x l2 r- nearly. 

760     313x773      20000 

4.  What  is  the  weight  of  a  cubic  foot  of  aqueous  vapour  at 
50°  C.  ? 

/I  cubic  foot  of  air  at  o*',  760  millimetres,  weighs  567*85  grains. \ 
VTension  of  vapour  at  50°  =  88742  millimetres.  / 
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I  cubic  foot  of  air  at  88742  miUimetres  pressure,  and  50**  C, 
weighs — 

567:85 ^  88742  ^^ 

I +0-CX53665  X  50       760  ' 

.  • .  the  aqueous  vapour  weighs  : 

8     I +0*003665  X  50       760 

5.  Find  the  weight  of  saturated  vapour  contained  in  a  cubic 
foot  of  air  at  25°  C. 

/Tension  at  25°  C.  «=23*i  millimetres. \ 
\i  cubic  foot  of  water  weighs  62*3  lbs.  / 

The  weight  is — 

A  X  . — lA —  X  -  ^ —  X  —  X  62*3 
8     273  +  25     760     ^^l 

6.  What  is  the  tension  of  aqueous  vapour,  removed  from 
the  liquid,  if  heated  from  100°  to  121°,  the  volume  remaining 
constant  ? 

The  tension  increases  in  the  ratio  i  +  —  :  i  +  — 

273  273 

::  373:394; 

and  since  the  tension  at  100°  =  760  millimetres, 
.*.  273  :  394  ::  760  :  x  =  8o3  millimetres. 

7.  At  121°  C.  the  tension  of  vapour  is  two  atmospheres. 
Find  at  this  temperature  the  density  of  saturated  steam. 

The  density  of  air  at  121°  at  i  pressure  of  the  atmosphere  is 


394  nz 

at  2  pressures  it  is  —  x  — ,  hence  the  density  of  the  vapour  is 

o-  ^  -^  ^  —  = : — -  «^  the  density  of  water. 
8     394    773     i^»9 

8.  What  is  the  weight  of  a  cubic  foot  of  saturated  steam  at 
5  pressures  of  the  atmosphere,  and  a  temperature  of  153°  C. '? 

Density  =  ^  x  J_  x  zLk  =    L.  of  that  of  water, 
8     nz    426    384 

.  • .  weight  =  -— -  X  62  '3  X  7000  grains. 
384 

9.  At  a  temperature  of  25°  the  dewpoint  is  found  to  be  1 2°. 
What  is  the  weight  of  the  vapour  in  one  cubic  foot  of  air  \ 
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(Tension  at  12°=  10707  millimetres.) 

Weight^  I  X  62-3  X  _L  X  ^^7^^  X  ?^^lbs. 
°         8  '773       760       298 

10.  A  Daniell's  hygrometer  gives  a  dewpoint  of  13°,  while  the 
external  reading  is  24°  C.  How  many  per  cent,  of  vapour  are 
still  wanting  for  complete  saturation  ? 

(Tension  at  13°  =«  1 1  '4  millimetres.  \ 
24°  =  21 -8  „  ) 

The  tensions  are  proportional  to  the  density  (and  weight). 

f  T  *A 

Hence  the  vapour  present  is  — ^  of  the  total  quantity  which 

21  'o 

the  air  is  capable  of  containing,  until  it  becomes  saturated  at  24. 
The  percentage  present  is.*. — -^xioo=«52, 

and  48  per  cent,  are  wanting  for  saturation. 

1 1 .  What  quantity  of  rain  can  fall  from  a  volume  of  air, 
covering  a  square  mile,  and  being  1000  feet  high,  which  is  at 
20°  C,  is  saturated  with  vapour,  but  is  suddenly  cooled  by  a 
N.E.  windtoii°C.  ? 

/Tension  at  20°  C.  =  I7-3I4.\ 
\       „  11°  C.  =  10-074./ 

We  have  1000  x  5280  cubic  feet  of  air. 
The  weight  of  saturated  vapour  at  20°  C.  is 

_5  x62-3x_L  +  I7:3L4,?73 
8  *'     773       760       293 

in  pounds  per  cubic  foot. 

Similarly  the  weight  of  saturated  vapour  at  U°  C.  is 

1x62-3  x-LxH:?Z4x?.73. 
B  773       760       284 

The  difference  per  cubic  foot  is  precipitated.  Multiplying  this 
difference  by  1000  x  5280  we  find  the  total  precipitation  in  pounds. 

12.  A  certain  quantity  of  dry  air  weighs  5*2  grammes,  at  0° 
and  750  millimetres  pressure.  It  is  heated  to  20°  C,  and  then 
allowed  to  become  saturated  with  aqueous  vapour.  The  pres- 
sure is  found  to  be  770  millimetres.     What  will  be  its  volume  ? 

(i  litre  of  dry  air  at  —^    weighs  i  -3  grains.     Tension  of  vapour 

760 

at  30°  =  31*5  millimetres.) 

c  -2 
The  volume  at  0°  =  2_  s  4  litres. 

1*3 
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At  30°  «=  4  (i  +  30  X  -003665), 

and  at  the  pressure  770  millimetres  =  4  (i  +  30  x  '003665)  - — . 

770 

But  the  pressure  of  the  air  alone  is  770  —  3 1  '5  . ' . 
. •.  the  volume  =  4  (i  +  20  x  '003665) '- =4*54  litres. 


BOOK  THE  SECOND. 

THE  PROPAGATION  OF  HEAT,  AND  ITS  NATURE. 


CHAPTER  XIi; 

CONDUCTION. 

246.  Conduetorfl. — When  heat  is  imparted  to  one  part  of 
any  mass  of  matter,  the  temperature  of  that  part  is  raised  above 
that  of  the  other  parts.  This  inequality,  however,  is  only  tem- 
porary. The  heat  gradually  diffuses  itself  from  particle  to  par- 
ticle throughout  the  volume  of  the  body,  until  a  perfect 
equilibriimi  of  temperature  has  been  established.  Different 
bodies  exhibit  a  different  facility  in  this  gradual  transmission  of 
heat.  In  some  it  passes  more  rapidly  from  the  hotter  to  the 
colder  parts  than  in  others.  Those  bodies  in  which  it  passes 
easily  and  rapidly  are  good  cond/uctors.  Those  in  which  the 
temperature  is  equalised  slowly  are  had  conductors. 

Let  A  B  (fig,  88)  be  a  bar  of  metal  having  a  large  cavity 
formed  at  its  extremity  a,  and  having  a  series  of  small  cavities 
formed  at  equal  distances  throughout  its  length  at  Tj,  Tg,  Tg,  &c. 

TT      TTT     TTT 

Fig.  88. 

Let  the  bulbs  of  a  series  of  thermometers  be  immersed  in  mer- 
cury in  these  cavities  severally.  These  thermometers  will  all 
indicate  the  same  temperature,  being  that  of  the  bar  a  b. 

Let  the  large  cavity  a,  at  the  end  of  the  bar,  be  filled  with 
mercury  at  a  high  temperature,  200*^,  for  example. 

After  the  lapse  of  some  minutes  the  thermometer  T^  will  begin 
to  rise  ;  after  another  interval  the  thermomet^  Tj  will  begin  to  be 
affected  ;  and  the  others,  T3,  t^,  &c.,  will  be  successively  affected 
in  the  same  way ;  but  the  thermometer  t^,  by  continuing  to 
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rise,  will  indicate  a  higher  temperature  than  T„  and  T,  s.  higher 
temperature  than  T„  and  so  on.  After  the  lapse  of  a  consi- 
derable time,  however,  the  thennometer  T[  will  become  sta- 
tionary. Soon  afterwards  t,,  having  risen  to  the  same  point, 
will  also  become  stationary  ;  and  in  the  same  manner  all  the 
others,  having  successively  risen  to  the  same  point,  will  become 
stationary. 

If  several  bars  of  different  substances  of  eqnal  dimensions 
be  submitted  to  the  same  process,  the  thermometers  will  be 
more  or  less  rapidly  affected,  according  as  the  bars  are  good 
or  bad  conductors. 

Another  form  of  apparatus  for  a  like  purpose  is  shown  in 
Jig.  89.     A  aeries  of  thermometers,  as  before,  aie  inserted  in 


Fig.  89. 

cavities  filled  with  mercury  in  a  bar  supported  horizontally,  one 
end  of  which  is  heated  by  a  lamp.  The  progressive  propagation 
of  the  heat  is  indicated  by  the  gradual  diminution  in  the  lengths 
of  the  mercurial  columns. 

An  apparatus  by  which  the  unequal  conductivity  of  different 
bodies  is  exhibited  in  a  striking  manner  is  represented  in  jig.  90. 
A  series  of  rods  of  equal  length  and  thickness  are  inserted  at  the 
same  depth  in  the  side  of  a  rectangular  vessel,  passing  across  the 
interior  of  the  vessel  to  tbe  opposite  side.  The  rods,  which  are  sil- 
ver, copper,  iron,  glass,  porcelain,  wood,  &c. ,  are  previously  covered 
with  a  thin  coating  of  was,  or  any  other  substance  which  will  melt 
at  a  low  temperatui;e.  Boiling  water  or  heated  mercury  is  poured 
into  the  vessel,  and  imparts  heat  to  those  parts  of  the  rods  whicb 
extend  across  it.  It  is  found  that  the  heat,  as  it  passes  by 
conduction  along  the  rods,  melts  the  was  from  their  surface. 
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Those  which  are  compoied  of  the  beat  conductom— iilver,  for 


most  rapidly    the  li 


example  — will  melt  off  the 
conductora  lesi  rapidly 
and  on  the  rods  com 
posed  of  the  most  imper 
fectlj  conducting  mate 
rials,  swch  as  glass  or  por 
celatn,  the  wax  will  not 
be  melted  beyond  a  very 
small  distance  from  the 
point  where  the  rod  enters 
the  vessel. 

247.    TKbl«  of    c«ii- 
dnetliif    powera.  —  By 
experiments  conducted  in  this  manner  it 
ducting  powers  of  the  subjoined  substances 
here  expressed,  that  of  gold  being  100  : — 
Gold 


Marble  . 
Porcelain 
Brick  earth 


■13 


Zinc        '.'.'.'. 

It  is  evident,  therefore,  that  metals  are  the  beat  conductors 
of  heat,  and  it  was  thought  also  that  in  general  the  conducting 
power  increases  with  the  specific  gravity,  as  will  appeiv  by  com- 
paring the  preceding  numbers  with  those  given  in  the  table  of 
specific  gravity.  (See  Hydrostatics,  p.  90.)  It  was  also  found 
that  among  woods,  with  some  exceptions,  the  conducting  power 
increases  with  the  density.  The  conducting  power  of  nut  wood, 
however,  was  found  greater  than  that  of  oak, 

Bodies  of  a  porous,  soft,  or  spongy  texture,  and  'more  espe- 
<»ally  those  of  a  fibrous  nature,  such  as  wool,  feathers,  fur,  hair, 
&c.,  are  the  worst  conductors  of  heat. 

248.  More  recent  reaearcbes  on  oondooUon. — It  will 
appear,  on  more  careful  consideration,  that  in  experiments 
carried  out  in  the  manner  described  various  other  physical 
characteristics  of  bodies  ought  to  be  considered  before  we  can 
definitely  pronounce,  from  the  results  of  these  experiments, 
on  their  relative  conducting  power.  Thus,  if  we  suppose 
two  of  the  bars  in  the  apparatus  Jig.  90  to  have  the  same 
conducting  power,  but  to  differ  considerably  in  their  specific 
heat,  it  will  at  once  appear  that  the  bar  which  has  the  less 
specific  heat  will  exhibit  very  soon  a  more  rapid  increase  of 
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temperature  when  exposed  to  the  same  source  of  heat  than  the 
bar  of  which  the  specific  heat  is  greater.  Hence  more  careful 
experiments  have  been  made  in  recent  times  for  determining 
the  relative  conducting  power  of  substeinces. 

Messrs.  Franz  and  Wiedemann  adopted  the  method  of  which 
fi9'  ^9  gives  a  general  representation,  but,  instead  of  using 
thermometers,  they  employed  a  suitable  modification  of  the 
thermo-electric  pile  (see  Elbctricity,  Art.  381,  p.  239).  The 
following  table,  which  gives  some  of  their  results,  exhibits 
at  the  same  time  a  very  striking  analogy  between  the  conduc- 
tivity of  metals  for  heat  and  their  conductivity  for  electricity: — 


Conductivity. 

Conductivity. 

Substance. 

For  Heat. 

For  Electricity, 

Sabetance.      For  Heat.  Foi 

■Electricity. 

Silver  . 

.      100 

.      100 

Iron     .       .       12     . 

13 

Copper 

74 

.       .       73- 

Lead   .       .         9    . 

n 

Gold    .       . 

53 

'      '      59 

Platinum  .         8     . 

10 

Brass  . 

.       24 

22 

German  silver  6    . 

6 

Tin      .       . 

15 

.    .  .      23 

Bismuth    .         2     . 

2 

It  will  be  seen,  by  comparing  this  table  with  that  in  the 
preceding  article,  that  the  conductivity  is  by  no  means  con- 
nected with  the  relative  specific  gravity  of  the  metals,  and  that 
even  among  the  metals  there  exist  great  differences  in  their 
conducting  power.  Thus,  the  conductive  power  of  silver  being 
100,  that  of  German  silver  is  only  6,  and  we  may  easily  con- 
vince ourselves  of  this  difference  in  a  very  simple  way,  by 
plunging  two  spoons,  one  of  German  silver  and  the  other  of 
pure  silver,  into  the  same  vessel  of  hot  water.  After  a  little 
time  we  shall  find  the  free  end  of  the  silver  spoon  much  hotter 
than  that  of  its  neighbour. 

The  table  exhibits  a  very  important  connexion  between  heat 
and  electricity.  We  know  that  heat  and  electricity  are  inter- 
dependent, and  that  they  are  mutually  convertible,  but  as  yet 
we  know  very  little  as  to  the  precise  form  of  the  conversion. 
We  have  every  reason  to  conclude,  that  the  physical  mani- 
festations which  we  ascribe  to  heat  and  to  electricity  are  both 
modes  of  molecular  motion,  and  we  know  experimentally  that 
from  electricity  we  can  obtain  heat,  and  from  heat,  as  in  the  case 
of  the  thermo-electric  pile,  we  can  obtain  electricity.  But  al- 
though we  have  arrived  on  the  whole  at  very  tolerably  clear  ideas 
of  the  character  of  the  kind  of  motion  called  heat,  no  clear  percep- 
tion whatever  exists  as  yet  as  to  the  precise  nature  of  the  change 
wliich  this  motion  must  undergo  in  order  to  appear  as  electricity. 
The  facts  proved  by  Franz  and  Wiedemann  show  what  the  late 
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ProfeasoF  Forbes  had  already  noticed  previously,  that  the  gcrod 
conductor  of  heat  ia  the  good  conductor  ot  electricity,  and  the  bad 
conductor  of  heat  is  the  bad  conductor  o£  electricity.  Thus  we 
may  infer  that  the  name  physical  quality  which  reeistg  the 
transniisaion  of  heat,  interfereH  alao  in  a  proportional  degree 
with  the  transmission  of  alectrioity.  Thia  indicates  a  relation 
on  which  no  doubt  light  will  be  thrown  by  further  investigationB. 
249.  Variations  of  eandnctlvltT'  In  tbe  Bun*  body. — The 
same  substance  may  poueas  different  powers  of  conduction  in 
different  directions.  Many  crystals  are  ao  budt 
that  the  motion  of  heat  runs  with  greater  facility 
along  certain  lines  of  molecules  than  along  others.  I 
A  crystal  of  quartz  (rock-crystal)  forma  a  s 
sided  pillar  terminated  at  either  end,  when  co 
plete,  by  a  six-Bided  pyramid  M  de  Senanrwnt 
has  shown  that  heat  travels  with  greater  facdity 
along  the  axis  of  this  crystal  than  across  it,  by 
employing  a  method  similar  to  that  explained  in  Art  246 
fig.  91  represent  a  plate  of  quartz  cut  per 
pendicularly  to  the  axis  of  the  crystaJ,  and^ 
92  a  plate  cut  parallel  to  it.  The  plates  are 
first  coated  with  a  layer  of  white  wax,  laid  on 
with  acamel's-hair  pencil.  Theyare  pierced  at 
the  centre,and  into  the  holeia inserted  asraall 
sewing-needle,  which  is  at  both  ends,  by  meana 
of  a  suitable  arrangement,  connected  with  an 
electric  current.  When  the  current  passes 
the  needle  is  heated  and  the  heat  is  propa- 
gated in  all  directions.  The  wax  melts  around 
the  place  where  the  heat  ia  applied  ,  and  <m 
the  plate  in  Jig.  91,  which  is  cut  perpendicu- 
larly to  the  axia  of  the  quartz,  the  hgure  of 
the  melted  wax  is  a  perfect  circle  The  heat 
has  travelled  with  the  same  rapidity  al 
ronnd,  and  melted  the  wax  to  the  aame  dis- 
tance in  all  directions.  But  if  the  same 
experiment  be  made  with  tlie  other  plate. 
Jig.  93,  this  figure  in  no  longer  a  circle 
the  heat  travels  mora  speedily  along  the 
axis  than  across  it,  and  hence  the  wax  figure 
ia  an  elbpae,  instead  of  a  circle.  This  re- 
lation between  the  two  directions  is,  how-  Fig  91 
ever,  not  the  same  in  crystals  of  other  substances  Iceland 
apar  conducts  also  better  along  the  cryatallographic  axis  than 
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at  right  angles  to  it,  but  a  cry stal  of  tourmaline  conducts  best  Kk 
right  angles  to  its  axis.  Bismuth,  which  clesTes  with  great 
facility  in  a  certain  direction,  conducts  both  heat  and  elee- 
tricit;  better  along  the  planes  of  cleavage  than  across  them. 

250.  CondnettTltT' of  wood. — Wood  is  a  striking  example  of 
this  difference  of  conductirlty  in  different  directions.  De  la  Kite 
and  De  OandvlU  instituted  many  years  ago  an  inquiry  into  the  cow 
duotive  power  of  wood,  and  in  the  case  of  five  specimens  examined. 
they  established  the  fact  that  the  velocity  of  transmission  was 
greater  along  the  fibre  than  across  it.  The  experiments  were 
conducted  in  the  manner  described  in  Art.  246,  of  which  ^.  89 
gives  a  representation,  A  bar  of  the  substance  was  taken,  cme 
end  of  which  was  brought  into  contact  with  a  source  of  heat,  and 
allowed  to  remain  there  until  a  state  of  equilibrium  was  assumed. 
The  temperatures  attained  by  the  bar,  at  larious  distances  from 
its  heated  end,  were  ascertained  by  means  of  thermometers 
fitting  into  cavities  made  to  receive  them  ;  from  these  data,  with 
the  aid  of  a  well-known  formula(see  further  on)  the  conductivity 
of  the  wood  was  determined. 

Professor  Tifndati  made  a  number  of  very  careful  determina- 
tions in  order  to  determine  the  velocity  of  calorific  transmiaaion 
in  different  directions  through  wood.  There  are  in  wood  thr«e 
lines,  at  right  angles  to  each  other,  which  the  mere  inspection  o( 
the  substance  enables  us  to  fix  upon  as  the  necessary  resultants 
of  structural  arrangement  due 
to  molecular  action  :  the  flrat 
line  is  parallel  to  the  fibre ;  tha 
second  is  perpendicular  to  it  and 
to  the  ligneous  layers  which  ia< 
dicate  the  annual  growth  of  the 
tree,  asm  « in  fig.'iy,  while  the 
third  ispetpeudicularto  the  fibre 
and  parallel,or  rather  tangential, 
to  the  layers,  as  a  b,  in  the  figure. 
From  each  of  a  number  of  trees 
a  cube  was  cut,  two  of  the  faces 
"  being  parallel  to  the  ligneons 

* "'  layers,    two    perpendicular    to 

them,  while  the  remaining  two  were  perpendicular  to  the  fibre. 
The  velocity  of  calorific  transmission  was  examined  in  these 
three  directions,  with  the  following  results,  in  which  the  numbers 
give  the  angular  deflections  of  the  galvanometer  connected  with 
the  thermo-pile  used  in  ^  the  esperimenta  : — 
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■ 

Dbplkctions 

• 

I. 

n. 

m. 

Description  of  Wood 

Parallel  to    " 
fibre 

Perpendicular 
to  fibre  and 

Perpendicular 
to  fibre  and 

parallel  to 

to  ligneous 

ligneous 

layers, 

layers, 

ab. 

mn. 

0 

0 

0 

I.  American  birch .     .     . 

35 

9*o 

ii*o 

2a     \JSlK.           •          •         •         •         •          • 

34 

95 

II'O 

3.  Beech 

33 

8-8 

ip-8 

4.  Coromandel  wood  .     . 

33 

9-8 

12*3 

5.  Bird's-eye  maple    .     . 

31 

ii-o 

I2'0 

6.  Lance-wood  .... 

31 

IO-6    • 

12*1 

7.  Box- wood     .... 

31 

9.9 

I2-0 

8.  Teak-wood    .... 

31 

9*9 

12*4 

9.  Rosewood     .     .     .     . 

31 

io*4 

12-6 

10.  Peruvian- wood  .     .     . 

30 

107 

117 

II.  Greenheart   .... 

29 

II-4 

12*6 

12.  Walnut 

28 

ii-o 

13-0 

13.  Drooping  ash     .     .     . 

28 

11 -o 

I2*0 

14.  Cocoa- wood  .... 

28 

11*9 

13*6 

15.  Sandal- wood      .     .     . 

28 

lO'O 

117 

16.  Tulip- wood    .... 

28 

ii-o 

I2-I 

17.  Camphor- wood  .     .     . 

28 

8-6 

lo-o 

18.  Olive-tree      .... 

28 

io*5 

13*2 

19.  Ash 

27 

9*5 

II-5 

20.  Black  oak      .... 

27 

80 

9*4 

21.  Appletree      .... 

26 

lO'O 

12*5 

22.  Tron-wood     .... 

26 

IO-2 

12*4 

23.  Chestnut 

26 

lo-i 

II-5 

24.  Sycamore      .... 

26 

IO-6 

12*2 

25.  Bonduras  mahogany  . 

25 

9*o 

lo-o 

26.  Brazil-wood  .... 

25 

11*9 

13-9 

27.  Yew 

24 

II-O 

I2-0 

28.  Elm 

24  • 

lo-o 

II-5 

29.  Plane-tree     .... 

'24 

lo-o 

I2-0 

30.  Portugal  laurel .     .     . 

24 

lO'O 

II-5 

31.  Spanish  mahogany 

23 

II-5 

12-5 

32.  Scotch  fir .     .     .     .     . 

22 

lo-o 

I2-0 

This  table  furnishes  a  corroboration  of  the  residt  arrived  at 
by  De  la  Rive  and  De  Candolle  regarding  the  superior  con 
ductivity  of  the  wood  in  the  direction  of  the  fibre.     It  shows 
also  how  little  mere  density  affects  the  velocity  of  transmission. 
Neither  law  nor  general  rule  connects  one  with  the  other., 
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American  birch,  a  comparatiTely  light  wood,  ponesaes  a  hi^ier 
conduct  ive  power  than  any  other  in  the  list.  IrDn-^irood,  on 
the  contrary y  with  a  specific  grarity  of  i'426.  stands  low. 
Again,  oak  and  Coromacdel-wood — the  latter  so  hard  and  dense 
that  it  is  nsed  for  sharp  war-instraments  by  savage  tribes — 
stand  near  the  head  of  the  list,  while  Scotch  fir  and  other  lig;ht 
woods  stand  low. 

The  second  and  third  columns  of  the  table  show  dearly  that 
in  every  instance  the  velocity  of  propagation  is  greatest  m  a 
direction  perpendicular  to  the  ligne«3us  layers.  Professor 
Tyndall  enounces  thus  the  law  of  molecular  action  aa  regards 
the  transmission  of  heat  through  wixhI  :  '  At  all  points,  not 
situate  in  the  centre  of  the  tree,  wo^jd  possesses  three  tmeqnal 
axes  of  calorific  conduction,  which  are  at  right  angles  to  each 
other.  The  first  and  principal  axis  is  parallel  to  the  fibre  of 
the  wffod  ;  the  second  and  intermediate  axis  is  perpendicolar  to 
the  fibre  and  to  the  ligneous  layers  ;  while  the  third  and  least 
axis  is  perpendicular  to  the  fibre  and  parallel  to  the  layers. 

The  difierenoe  in  the  conductive  power  of  wood  in  these 
different  directions  is  not  without  some  influence,  for  the  feeble 
conducting  ]>ower  in  a  lateral  direction  must  tend  to  preserve 
within  a  tree  the  warmth  which  it  acquii^es  from  the  soiL  In 
virtue  of  this  property  also  a  tree  is  able  to  resist  sadden 
changes  of  temperature  which  would  probably  be  prejudicial  to 
it :  it  resists  alike  the  sudden  abstraction  of  heat  from  within 
and  the  accession  of  it  from  without.  Nature  has  gone  farther, 
and  clothes  the  tree  with  a  sheathing  of  worse-conducting 
material  than  the  wood  itself,  even  in  its  worst  direction.  The 
following  are  the  deflections,  observed  by  Professor  l^dall, 
when  a  number  of  cubes  of  bark,  of  the  same  size  as  the  cubes 
of  wood,  were  submitted  to  experiment  : — 

CcrreBpondiiig  deflectioii 
Deflection.  bj  the  wood. 

Beech-tree  bark  .  .  7°  .  .  io-8° 

Oak-tree  bark  .  7  .  1 1 1> 

Elm-tree  bark  .  7  .  .  11*5 

Pine-tree  bark  .  .  7  .  .  i2'o 

In  these  cases  the  direction  of  the  transmission  was  fnim 
the  interior  of  the  bark  outwards. 

25iv  ConductlTlty  of  orranio  substanoes. — ^The  following 
numbers  express  the  conductive  powers  of  a  few  organic  struc- 
tures : — 
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Tooth  of  walruft 

Tusk  of  East  Indian  elephant . 

Whalebone 

Rhinoceros  horn      .         .         .         .  ^ 
Cow's  horn 

i6 

17 
9 
9 
9 
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In  general,  the  conductivity  of  organic  substances  is  incon- 
siderable, and  those  used  in  the  construction  of  tissues  are  such 
as  are  best  suited  to  resist  sudden  changes  of  temperature.  This 
fact  is  further  illustrated  by  the  following  experiments.  A 
cube  of  each  of  the  substances  named  was  submitted  to  an  ex- 
amination by  the  thermopile  as  to  its  conducting  power,  and 
while  the  deflection  produced  by  a  cube  of  quartz  was  90°,  it 
was  0°  for  sealing  wax,  sole  leather,  bees'  wax,  glue,  gutta- 
percha, india-rubber,  filbert-kernel,  almond-kernel,  boiled  ham- 
muscle,  raw  veal-muscle.  Thus  all  these  animal  and  vegetable 
productions  were  demonstrated  to  be  extremely  impervious  for 
the  conduction  of  heat.  Organic  substances  are,  indeed,  all  bad 
conductors. 

252.  Romford**  experiments. — Bumf ord  made  an  elaborate 
series  of  experiments  on  the  conductivity  of  the  substances  used 
in  clothing.  His  method  was  this  : — A  mercurial  thermometer 
was  suspended  in  the  axis  of  a  cylindrical  glass  tube,  ending 
with  a  globe,  in  such  a  manner  that  the  centre  of  the  bulb  of  the 
thermometer  occupied  the  centre  of  the  globe.  The  space  be- 
tween the  internal  surface  of  the  globe  and  the  bidb  was  filled 
with  the  substance  whose  conductive  power  was  to  be  deter- 
mined. The  instrument  was  heated  in  boiling  water,  and  after- 
wards plunged  into  a  freezing  mixture  of  pounded  ice  and  salt, 
the  times  of  cooling  down  through  135°  F.  being  noted.  These 
times  are  given  in  the  following  table  : — 


irrounded  with — 

Seconds. 

Twisted  silk 917 

Fine  lint      . 

1032 

Cotton  wool 

• 

1046 

Sheep's  wool 

.. 

1118 

TaflFety 

ii6q 

Haw  silk 

1204 

Beaver's  fur 

1296 

Eiderdown 

1305 

Hare's  fur 

1312 

Wood  ashes 

927 

Charcoal 

937 

Tiampblack . 

1117 
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253.  Znfluence  of  mecbaiiioal  state  on   conductivity. — 

The  different  result  obtained  in  the  above  table,  when  twisted 
and  raw  silk  was  used,  indicates  a  difference  in  the  conducting 
power  of  the  safte  substance  when  in  different  mechanical 
states.  This  principle  holds  good  in  many  other  cases.  Pure 
silica,  in  the  state  of  hard  rock  crystal,  is  a  better  conductor 
than  bismuth  or  lead  ;  but  if  the  crystal  be  reduced  to  powder, 
the  i^ropagation  of  heat  through  that  powder  is  exceedingly  slow. 
Through  transparent  rock  salt  heat  is  abundantly  conducted, 
through  common  table  salt  very  feebly.  If  some  asbestos,  a 
substance  composed  of  certain  silicates  in  a  fibrous  condition,  be 
placed  on  the  hand,  and  on  the  asbestos  a  red-hot  iron  ball,  the 
ball  can  be  supported  without  inconvenience.  The  asbestos 
intercepts  the  heat.  Heat  being  motion,  anything  which  dis- 
turbs tlie  continuity  of  the  chain  of  molecules  along  which  the 
motion  is  conveyed  must  retard  the  transmission ;  hence  division 
of  a  substance  interferes  with  conductivity.  In  the  case  of  the 
asbestos,  the  fibres  of  the  silicates  are  separated  from  each  other 
by  spaces  of  air  ;  to  propagate  itself,  therefore,  the  motion  has 
to  pass  from  the  solid  to  the  air,  a  very  light  body,  and  again 
from  the  air  to  the  solid,  a  comparatively  heavy  body  ;  and  it 
is  easy  to  see  that  the  transmission  of  motion  through  this 
composite  texture  must  be  very  imperfect.  In  the  case  of  an 
animal's  fur  this  is  more  especially  the  case,  for  here  not  only 
do  spaces  of  air  intervene  between  the  hairs,  but  the  hairs  them- 
selves, unlike  the  fibres  of  the  asbestos,  are  very  bad  conductors. 
Many  other  instances,  illustrative  of  the  same  principle,  are 
mentioned  further  on. 

254.  Transmiflsion  of  beat  along*  bars. — If  a  metallic  bar 
is  heated  at  one  end  by  a  constant  source  of  heat,  for  example, 
as  in  fig.  89,  Art.  246,  the  whole  bar  will  become  gradually 
hotter,  but  its  temperature  at  the  opposite  extremity  will  never 
be  so  high  as  at  the  end  directly  exposed  to  the  source  of  heat. 
After  a  certain  time  the  temperatiu*e  at  each  point  along  the  bar 
becomes  stationary  ;  no  further  rise  takes  place,  but  a  state  of 
thermal  equilibrium  is  reached,  and  the  temperature  is  found 
to  be  decreasing  as  we  measiu'e  it  along  the  bar  from  the  heated 
end  to  the  opposite  one. 

If  we  imagine  the  bar  to  be  divided  into  an  infinite  number 
of  thin  slices  by  cross  sections,  then  the  thermal  equilibrium 
will  exist  for  each  slice,  if  it  loses  at  any  instant  of  time  precisely 
as  much  heat  as  it  receives  from  the  soiux^  of  heat.  But  each 
slice  does  not  only  give  up  heat  to  the  next  one  in  succession, 
but  loses  also  heat  to  the  surrounding  bodies  ;  hence  each  slice 
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receives  less  heat  than  the  preceding  one,  and  the  temperature 
of  every  slice  must  thus  decrease  the  further  away-  it  is  from  the 
source  of  the  heat.  This  decrease  of  temperature  is  indicated 
in  fig.  89,  Art.  246,  by  the  differences  in  the  height  of  the  mer- 
cury contained  in  the  successive  thermometers.  Despretz,  who 
was  the  first  to  employ  this  method,  found  that  it  took  from  two 
to  three  hours  before  the  bar  assumed  a  state  of  equilibrium. 
A  bar  of  copper  gave  the  following  results  : — 

Distaiice  from  the  sorirce  Excess  of  temperature  (ibove 

of  heat.  that  of  tlie  surronnding  air. 

Millimetres.  ° 

icx)  66*4 

200  46*3     -• 

300  32*6 

4CX)  24*5 

500  i8-6 

600  l6'2 

In  looking  more  closely  at  the  right  side  of  this  little  table 
we  shall  find  that  the  excess  of  temperature  of  each  successive 
thermometer  is  on  the  average  i  '325  times  less  than  the  excess 
of  the  thermometer  which  precedes  it ;  in  other  words,  while 
the  distance  increases  in  an  arithmetical  series,  the  excess  de- 
creases in  a  geometrical  series,  of  which  in  this  case  j  ^  is  the 
common  ratio.  The  same  law  does  not,  however,  hold  strictly 
good  in  bad  conductors. 

Let  us  now  suppose  that  of  some  metal  the  conductivity  is 
so  much  less  than  that  of  copper  that  if  two  bars,  one  of  the 
metal  and  the  other  of  copper,  be  both  treated  experimentally 
exactly  in  the  manner  described  in  Art.  246,  the  excess  of  tem- 
perature shown  by  the  successive  thermometers  in  the  metal  bar 
above  the  temperature  of  the  air  is  just  half  of  what  it  is  in  the 
copper  bar,  both  bars  being  of  the  same  dimensions.  Then 
clearly  the  excess  of  temperature  in  any  slice  of  the  weak  con- 
ductor would  be  just  the  same  as  in  a  slice  of  the  copper  bar, 
which  is  twice  as  far  from  the  source  of  heat ;  in  other  words,  if 
two  bars  of  these  metals  were  exposed  to  the  same  source  of 
heat,  both  bars  being  of  the  same  tluckness,  but  the  copper  bar 
twice  as  long  as  the  other^  both  bars  would  have  the  same  tem- 
perature at  their  free  ends. 

Let,  in^.  94,  ab  represent  the  bar  of  copper,  and  aV  the 
bar  of  metal  which  is  the  inferior  conductor  assumed  above, 
A^B^  having  half  the  length  of  ab.    Then,  from  what  has  been 

z  2 
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Btated  just  now,  the  free  ends  b  and  b^  will  be  at  the  same  tem- 
perature, if  A  and  a^  are  heated  by  the  same  constant  source  of 
heat,  and  thermal  equilibrium  is  arrived  at.  Similarly,  if  the 
slice  n'  is  half  as  far  from  B^  as  9i  is  from  b,  there  will  be  the 
same  temperature  indicated  at  n'  as  at  n.  But  since  n  b  is  twice 
n'  B^,  the  portion  n  b  must  in  the  same  time  give  up  twice  as  much 
heat  to  the  surrounding  neighbourhood  as  the  portion  n^  b'  of 
the  .other  bar  ;  hence  twice  as  much  heat  must  reach  the  portion 
n  B  iu  the  same  time,  as  compared  with  that  which  reaches  u'b'. 

Fig.  94. 

TFI/    TV 


B 


r      f 
711/71/ 


^•f 


B 


Fui*ther,  if  m  n  is  twice  mfW,  the  slices  m  and  mf  will  be  at  the 
same  temperature  ;  and  if  through  the  layer  mn  the  same  quan- 
tity of  heat  would  flow  which  flowj  through  the  layer  wfn^  then 
the  conductivity  of  copper  would  be  clearly  twice  that  of  the 
other  metal.  But  through  m  n  passes  in  the  same  time  twice  as 
much  heat  as  flows  through  m'n' ,  because  the  portion  ?iB  loses 
in  the  same  time  twice  as  much  as  ^/b'  loses  ;  hence  in  our  case 
the  conductivity  of  the  copper  is  four  times  greater  than  that  of 
the  other  bar. 

From  these  considerations  we  may  conclude  generally  that 
in  bars  of  different  metals  their  relative  conductivity  is  to  one 
another  in  the  ratio  of  the  squares  of  the  distances  between  the 
source  of  heat  and  the  points  where  an  equal  excess  of  tem- 
perature prevails,  all  other  circumstances  being  the  same. 

This  law  is,  however,  only  approximately  correct,  and  does 
not  appear  to  hold  good  for  inferior  conductors. 

255.  Gomparison  of  tbe  conductingr  power  of  two  rods. — 
A  method  which  leads  to  more  acc\u*ate  results  in  comparing  the 
conductivity  of  rods  is  the  following.  Let  us  assume  that  the 
two  rods  have  the  same  section,  and  that  a  similar  condition  of 
surface  is  given  to  them,  by  covering  them  with  some  opaque 
varnish,  or  by  polishing  and  electroplating  with  silver.  The 
two  ends  of  the  rod  are  brought  to  constant  but  different  tem- 
peratures, say  by  surrounding  one  end  with  boiling  water,  and 
the  other  with  melting  ice.     To  leave  one  end  exposed  to  the 
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air  and  heat  the  other  by  a  lamp  which  bums  very  regularly 
is  an  inferior  method. 

The  middle  part  of  the  rod,  at  which  the  following  deter- 
minations of  temperature  are  made,  is  protected  by  screens  from 
the  radiation  of  the  source  of  heat.  The  distribution  of  tem- 
perature after  a  time  becomes  constant.  When  this  state  has 
been  arrived  at  the  temperatures  of  three  points  of  the  rod 
equally  distant  from  each  other,  i,  11,  iii,  are  ascertained.  The 
excess  of  temperature  over  that  of  the  surrounding  air  may  be 
called  tif  ^2  9  ^3  * 

Let  us  call 

The  same  course  of  proceeding  is  now  gone  through  with  the 
other  rod.  The  excess  of  temperature  at  the  three  points  at  the 
same  distance  from  each  other  as  before  we  call  t^  ,  Tj  ,  T3 ,  and 
also — 

T2 
Then  the  two  conductivities  k^  and  k^  are  in  the  ratio  : — 


5? 


4 

The  temperatures  may  be  determined  by  plunging  small  delicate 
thermometers  into  holes,  as  small  as  possible,  bored  in  the  rod, 
and  filled  with  oil,  mercury,  or  fusible  metal.  The  equal  dis- 
tribution of  heat  through  the  rods  must,  however,  be  interfered 
with  by  the  frequent  interruption  in  the  flux  caused  by  the  holes 
filled  with  a  substance  different  from  that  of  the  bar.  It  is, 
therefore,  better  to  use  a  thermo-element.  Two  wires  of  equal 
length  made  of  two  metals  (bismuth-antimony ;  iron-german- 
silver  ;  platinum-iron)  are  soldered  together  at  one  end,  and  at 
the  other  to  copper  wires.  If  the  former  soldering  be  placed  at 
the  point  of  which  the  temperatiu*e  is  to  be  measured,  and  the 
two  junctions  with  the  copper  be  kept  at  a  known  temperature 
(say  by  ice  at  0°),  an  electromotive  force  results.  This  is  mea- 
sured by  connecting  the  ends  of  the  copper  wires  with  a  galva- 
nometer and  observing  the  deflection.  For  small  differences  of 
temperature  (up  to  about  20°)  the  current  strength  may  be  taken 
as  proportional  to  the  difference  of  temperature.  It  is,  therefore, 
only  necessary  to  measiu*e  the  current  strength  for  a  known 
difference  once,  in  order  to  deduce  the  temperature  from  any 
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observation.  For  greater  differences,  or  when  the  ordinary 
thermo-multiplier  is  used,  in  which  the  current  strength  cannot 
be  calculated  from  fhe  deflections,  a  table  is  constructed  em- 
pirically by  observing  the  deflections  for  certain  known  tempera- 
tures.    From  this  a  table  for  use  is  prepared  by  interpolation. 

The  experiments  of  MM.  Wiedemann  and  Franz,  the  results 
of  which  have  been  given  previously,  were  made  by  the  method 
just  described,  using  thermo-elements  for  the  measurements  of 
temperature. 

256.  Absolute  conductivity. — In  the  preceding  methods 
the  bar  is  so  long  that  the  further  end  is  not  sensibly  warmer 
than  the  surrounding  air,  and,  moreover,  the  calculation  of  the 
results  of  the  experiments  rests  upon  several  assumptions  of 
which  it  has  been  ascertained  by  other  investigations  that  they 
are  not  strictly  true. 

Thus  it  is  assumed  that  Newton's  law  of  cooling  (which  asserts 
that  the  quantity  of  heat  lost  or  gained  by  a  body  in  a  second  is 
proportional  to  the  difierence  between  its  temperature  and  that  of 
the  surrounding  medium)  holds  true  for  all  parts  of  the  surface. 
Now,  Dulong  and  Petit,  as  will  be  shown  afterwards,  have 
proved  that  this  law  is  not  so  general  as  Newton  supposed. 
Further,  it  is  assumed  that  all  parts  of  a  cross  section  of  the  bar. 
have  the  same  temperature,  and  also  that  the  conductivity  is 
independent  of  the  temperature,  which  is  not  the  case. 

Professor  J.  D.  Forbes,  by  a  method  which  excluded  some  of 
these  questionable  assumptions,  investigated  the  absolute  con- 
ductivity of  wrought  iron,  that  is,  the  absolute  quantity  of  heat 
which  flows  through  a  slice  of  given  area  and  thickness  of  the 
substance  in  a  deflnite  time,  if  a  constant  difierence  of  tem- 
perature be  maintained  at  the  opposite  faces  of  the  slice.  The 
end  of  the  bar  was  heated  by  a  bath  of  melted  lead  kept  at  a 
uniform  temperature,  screens  being  interposed  to  protect  the 
rest  of  the  bar  from  the  heat  radiated  by  the  bath.  The  tem- 
peratures at  other  points  were  observed  by  means  of  thermome- 
ters inserted  in  small  holes  drilled  in  the  bar,  and  kept  in  metal- 
lic contact  by  fluid  metal.  In  order  to  determine  the  loss  of 
heat  by  radiation  at  difierent  temperatures  a  precisely  similar 
bar,  ^vith  a  thermometer  inserted  in  it,  was  raised  to  about  the 
temperature  of  the  bath,  and  the  times  of  cooling  down  through 
different  ranges  were  noted.  The  conductivity  of  one  of  the  two 
bars  experimented  on  varied  from  '01337  at  g°C.,  to  '00801  at 
275°  C,  and  the  coiTesi:)onding  numbers  for  the  other  bar  were 
©'00992  and  0*00724,  the  units  being  the  foot,  the  minute,  the 
degree  (of  any  scale),  and  the  foot-degree  of  the  same  scale  ;  that 


CONDUCTION.  343 

is,  the  heat  required  to  raise  the  temperature  of  one  cubic  foot  of 
water  one  degree,  from  the  zero-point  (from  32°  to  33°  on  Fah- 
renheit's scale).  Professor  Forbes  and  Sir  W.  Thomson  made 
also  absolute  determinations  of  the  conductivity  of  the  soil  or 
rock  at  three  localities  in  or  near  Edinburgh.  Expressed  in  the 
same  units  as  are  used  above,  they  are — 

Trap  rock  of  Carlton  Hill  .  .  .  o '000268 
^and  of  Experimental  garden  .  .  0*000169 
Sandstone  of  Craigleith  Quarry         ,        0*000689 

These  determinations  were  derived  from  observations  on  the 
temperature  of  the  soil,  as  indicated  by  thermometers  having 
their  bulbs  buried  at  depths  of  from  3  to  24  feet.  The  annual 
range  of  temperature  diminished  rapidly  as  the  depth  increased  ; 
and  this  diminution  of  range  was  accompanied  by  a  retardation 
of  the  times  of  maximum  and  minimum. 

257.  Conductivity  of  liquidft. — Convection. — Liquids  are 
considered  practically  as  almost  absolute  non-conductors,  except 
mercury  and  melted  metals.  Let  a  tall  narrow  glass  vessel,  having 
a  cake  of  ice  at  the  bottom,  be  filled  with  strong  alcohol  at  0°. 
Let  two  thermometers  be  immersed  in  it,  one  near  the  surface, 
and  the  other  at  half  the  depth.  If  the  alcohol  be  inflamed  at  the 
surface,  the  thermometer  near  the  surface  will  rise,  but  that 
which  is  at  the  middle  of  the  depth  will  be  scarcely  affected,  and 
the  ice  at  the  bottom  will  not  be  dissolved. 

Bodies  in  the  gaseous  state  are  probably  still  more  imperfect 
conductors  than  liquids. 

The  equilibrium  of  temperature  is,  however,  maintained  in 
liquid  and  gaseous  bodies  by  other  means,  which  are  more 
prompt  in  their  action  than  the  conductivity  even  of  the  solids 
which  possess  that  quality  in  the  highest  degree.  When  strata 
of  fluids,  whether  liquid  or  gaseous,  are  heated  they  become 
by  expansion  relatively  lighter  than  those  around  them.  If 
they  have  any  strata  above  them,  which  generally  happens, 
they  rise  by  their  buoyancy,  and  the  superior  strata  descend. 
There  are  thus  two  systems  of  currents  established,  one  ascend- 
ing and  the  other  descending,  by  which  the  heat  imparted  to  the 
fluid  is  transfused  through  the  mass,  and  the  temperature  is 
equalised. 

To  this  means  of  equalising  the  temperature  of,  and  diffusing 
heat  through,  liquids  and  gases  the  name  of  ccytivection  has  been 
given.  The  action  of  convection  will  appear  from^s.  95  and  96, 
while  the  alm.ost  entire  absence  of  conductivity  in  a  liquid  may 
be  proved  by  means  of  the  simple  apparatus  shown  in^.  97. 

In  fig.  95  heat  is  applied  to  the    lower  part  of  a  vessel 
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containing  U17  liquid.  An  increase  of  temp«nture  will  soon  1m 
manifested  throughout  the  liquid,  which 
becomes  heated  by  the  transportation  ot 
its  particles  in  quick  succession.  The  par- 
ticles nearest  to  the  source  of  )ieat  become 
heated  first ;  they  thereby  become  also  spe- 
cificallylighter  than  the  particles  which  are 
above  them  and  more  removed  from  the 
source  of  heat;  hencethe  colder  particles  de- 
scend while  the  hotterascend,  asuocession 
of  rapid  changes  which  continues  until  the 
whole  mass  ia  raised  to  that  constant  tam- 
perature  which  has  already  been  defined 
as  its  boiling  point.  These  motions  may 
be  rendered  visible  by  placing  in  the  flask 
a  few  pieces  of  solid  litiuus  or  bran.  The 
coloured  liquid  or  bran  will  be  seen  to 
rise  up  the  centre  of  the  flask  and  descend 
J.J  down  its  aides.     Kg.  96  reproaents  a  con- 

Tection  apparatus  due  to  Faraday.  In 
both  vessels  water  is  placed  mixed  up  with  a  little  bran.  In  the 
upper  vessel  an  upward  current  will  be  distinctly  seen  in  tube  m, 
and  at  n  a  iiownward  current  will  be  ob- 
served. 

Fig.  97  represents  a  test-tube  nearlyfilled 
with  water,  and  some  ice,  weighted  by  a 
piece  of  wire  wrapped  round  it,  ia  placed  in 
it.  By  inclining  the  tube,  and  beating  the 
surface  of  the  liquid  by  meana  of  a  spirit 
lamp  the  liquid  at  the  top  may  be  made  to 
boil,  while  the  ice  at  the  bottom  remaina 
unmclted.  On  the  other  hand,  if  the  ice  is 
placed  on  the  top  of  the  liquid,  and  the  test 
tube  heated  by  applying  the  flame  below  the 
bottom  of  the  tube,  the  ice  will  soon  melt, 
because  in  this  case  the  water  heated  at  the 
bottom  of  the  test  tube  rises  upwards  and 
parts  with  its  heat  to  the  ice. 

25  S.    CondaotlDB    power   of   iratar. — 
L   The   small  conducting  power   of  water   can 
I  be   inferred    from    the    experiment    repre- 
sented in  Jig.  97.     But  it  can  also  be  very 
strikingly   demonstrated   by   the   apparatus 
Fig.  96.  shown   in  Jig.   98.      A   vessel  of   tin   has  a 

lateral  opening,  closed  by  a  oork  through  which  a  thermo- 
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Fig.  97. 


meter  passes.    If  cold  water,  w,  is  contained  in  the  vessel,  the 

thermometer  will  indicate  its  temperature.     If  now  a  layer  of 

hot  oil,   L,   be  poured    upon  the 

water,   or  even  alcohol    is   burnt 

on  the  surface,  the  thermometer, 

although  only  about  one-tenth  of 

an  inch  below  the  hot  liquid,  will 

require  a  considerable  lapse  of  time 

before  it  rises  1°. 

Despretz  made  some  investiga- 
tions on  the  conducting  power  of 
water,  and  found  its  conductivity 
very  small,  yet  capable  of  measure- 
ment. He  used  a  cylinder  of  wood, 
I  metre  high  and  about  0*3  metre  in  diameter,  which  was  filled 
with  water.  In  the  side  of  this  cylinder  twelve  thermometers  were 
arranged  one  above 
another,  their  bulbs 
being  all  in  the  same 
vertical  line  through 
the  middle  of  the  li- 
quid column.  On  the 
top  of  the  liquid  rested 
a  metal  box,  which 
was  filled  with  water 
at  100°,  frequently 
renewed  during  the 
course  of  the  experi- 
ment. In  this  manner 
Despretz  observed  that 
the  temperature  of  the  thermometers  rose  gradually,  and  that  a 
long  time — about  30  hours — was  required  before  the  tempera- 
ture at  all  points  of  the  column  of  water  became  stationary. 
Their  permanent  differences  formed  a  geometric  series ;  both 
were  very  small  and  very  inappreciable  after  the  sixth  thermo- 
meter. His  experiments  gave  the  conductivity  of  water  as  being 
^th  that  of  copper.  In  the  above  table  (Art.  248)  water  should 
therefore  be  marked  0*9,  and  would  still  be  much  behind  the  last 
in  the  list.  It  might  be  expected  that  heat  was  conducted  to 
the  liquid  from  the  solid  wood  which  formed  the  sides  of  the 
cylinder,  but  the  temperature  was  higher  in  the  axis  of  the 
cylinder  than  near  the  sides,  which  proves  that  no  conduction 
from  the  sides  of  the  cylinder  took  place,  but  that  the  elevation 
of  temperatiu*e  was  really  due  to  the  passage  of  heat  downwards 
through  the  liquid. 


Fig.  98. 
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Professor  Guthrie  has  been  led  to  conclude  from  recent  ex- 
periments tliat  the  conducting  power  of  water  is  higher  thui 
that  of  any  other  liquid  except  mercury.  With  this  conclusion 
agree  some  experiments  made  by  Despretz  on  the  conduction  of 
heat  in  stratiiied  liquids.  A  wooden  cylindrical  vessel  72  centi- 
metres high  and  40  centimetres  in  diameter  was  half-filled  with 
nitrobenzene  of  specific  gravity  i  '20^  and  water  was  poured  on 
the  top.  Ten  horizontal  thermometers  served  for  the  observa- 
tion of  the  stationary  temperatures,  whilst  a  constant  source  of 
heat  acted  on  the  surface  of  the  water.  In  experiment  i  the 
bulbs  of  the  thermometers  were  placed  in  the  axis  of  the  cylinder ; 
in  experiment  2  they  reached  only  to  the  middle  of  its  semi- 
diameter.  The  following  table  gives  the  distances  of  the  ther- 
mometers from  the  surface  of  separation  of  the  two  liquids,  and 
the  excesses  of  the  observed  temperatures  above  the  tempera- 
ture of  the  surrounding  atmosphere: — 


ThermomettTs 

Experiment  No.  I 

Experiment  No.  2 

Millimetres 

0 

f 
Millimetres 

0 

A 

1337 

41*26 

137-44 

41*15 

B    ' 

IOI-8 

31-17 

1 10-34 

32*01 

Water  <  C 

69-1 

23-62 

80*25 

24*76 

D 

4«-5 

18-66 

49-25 

19*16 

1  E 

17-5     1     15-68 

1 

15*90 

14-83 

(F 

17*5 

11-83 

15*90 

10*68 

G 

46-6 

.7-09 

41*90 

6*84 

Nitrobenzene    -* 

H 

757 

4-48 

69-80 

4-36 

I 

1     io6*2 

2-56 

101*40 

2*42 

1               [^ 

i  138-6 

1 

1 

1-50 

1 

133-00 

I'll 

On  graphically  representing  these  results  it  is  found  that  the 

excesses  of  temperature   are  nearly  in  geometrical  proportion. 

The  mean  ratio  of  the  geometrical  series,  taking  the  diflference  of 

distances  as  17*5,  is: — 

Exper.  I.  Exper.  2. 

In  water       .         .         .     o*86i  .         .     0863 

In  nitrobenzene    .         .     0739        .         .     0*703 

At  the  boundary  of  the  two  liquids  Despretz  had  unfortu- 
nately not  placed  any  thermometers.  Here  the  curves  rei)re- 
senting  the  results  separate  ;  from  the  water  to  the  nitro- 
benzene, which  conducts  on  the  average  3*7  times  less  easily, 
the  calculated  temperature  rises  about  2°  or  3°. 
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259.  CondaotlTity  of  grases.  —  Air  and  all  other  gases 
without  exception  are  bad  conductors,  and  a  flow  of  heat  can 
only  take  place  through  them  easily  by  an  actual  movement 
of  their  molecules,  which  must  be  produced  by  heating  that 
portion  of  a  gas  which  is  lower  than  the  remainder  ;  the  heated 
molecules  thus  become  less  dense  and  rise,  while  the  heavier 
portion  gradually  descends  and  becomes  heated  in  turn.  A 
space  filled  with  air  cannot  be  heated  from  above,  for  the 
heated  molecules  in  the  upper  portion  of  the  mass  remain  where 
they  are,  while  those  below  them  remain  at  rest  and  become 
heated  only  very  slowly.  When  the  motion  of  gaseous  mole- 
cules is  restrained  they  do  not  convey  much  heat,  even  if 
they  are  heated  from  the  side  or  from  below.  The  free  motion 
of  the  air  in  a  given  space  may  be  prevented  by  dividing  the 
whole  space,  by  numerous  partitions,  into  smaller  spaces.  A 
free  current  is  no  longer  possible  under  these  circumstances, 
and  such  a  space  could  no  longer  be  effectually  heated  even  by 
convection.  It  is  this  circumstance,  already  referred  to  in  the 
case  of  asbestos,  which  increases  considerably  the  resistance  to 
thermal  conduction  of  such  substances  as  fur,  feathers,  ashes, 
fabrics,  straw,  etc.  The  air  remains  stationary  between  their 
particles,  and  offers  thus  an  obstacle  to  the  propagation  of  heat 
by  preventing  a  free  circulation  of  heated  molecules. 

Experiments  on  the  conductivity  of  gases  are  rendered  diffi- 
cult on  account  of  the  effects  of  convection  and  radiation,  and 
the  subject  is  still  a  matter  of  controversy  as  far  as  regards  the 
relative  conductivity  of  gases.  Dulong  and  Petit  observed  that 
a  hot  body  cools  more  rapidly  in  hydrogen  than  in  air.  Hence 
they  concluded  that  hydrogen  is  a  be  iter  conductor  than  air. 
The  cooling  action  of  air  may  be  rendered  manifest  by  sending 
a  voltaic  current  through  a  coil  of  platinum  wire.  It  glows 
bright  red,  but  on  stretching  out  the  coil  so  as  to  form  a  straight 
wire  the  glow  instantly  sinks,  so  as  hardly  to  be  seen.  This 
effect  is  due  to  the  freer  access  of  the  cold  air  to  the  stretched 
wire.  Again,  if  a  stretched  platinum  wire  is  fixed  between  two 
metallic  rods  which  pass  through  the  sides  of  a  vessel  capable 
of  being  connected  with  an  air-pump,  the  wire  may  be  heated 
by  a  weak  voltaic  current  but  barely  luminous  enough  to  be 
seen  while  the  vessel  is  full  of  air.  The  surrounding  air  carries 
off  a  portion  of  the  heat  of  the  wire  ;  when  the  air  is  exhausted 
the  wire  glows  more  brightly  than  before  ;  when  air  is  allowed 
to  re-enter  the  wire  for  a  time  is  quite  quenched,  in  fact, 
rendered  perfectly  black,  but  its  feeble  glow  is  restored  after 
the  air  has  ceased   to  enter.      The  same  effect  in  a  greatly 
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increased  degree  is  obtained  if  hydrogen  ia  naed  instead  of  air, 
aH  droc*',  has  observed.  If  the  vessel  with  the  wire  in  the  pore- 
ceiling  exi>eriment  be  exhausted,  and  the  wire  is  almost  white- 
liot,  the  air  which  is  allowed  to  enter  cannot  do  more  than 
reduce  the  whiteness  to  bright  redness  ;  but  if  hydrogen  enters 
instead  of  the  air,  the  wire  is  totally  quenched  ;  and  even  after 
tlie  receiver  has  been  filled  with  the  gas  and  the  inward  cuzTent 
hns  ceased,  tlie  glow  of  the  wire  is  not  restored.  '  If  the  in- 
tensity of  the  current  be  increased,  the  wire  will  become  red- 
hot  wliile  surrounded  by  hydrogen,  but  would  infallibly  be 
fused  wore  no  hydrogen  there.  This  can  be  easily  proved  by 
removing  tlie  hydrogen  when  the  wire  is  fused.  This  extra- 
ordinary ciH)\m\f  power  of  hydrogen  is  by  some  phyaicistB 
ascribed  U)  tlic  great  mobility  of  its  particles,  which  enables 
cnrr<;Tits  it)  establish  themselves  in  this  gas  with  g^reater  facility 
tlian  in  any  other — in  other  words,  the  effects  decribed  are 
r(;fi;rred  t^>  cr)nvection.  Professor  Magnus,  however,  ascribes 
tho  chillirxg  of  the  wire  to  conduction.  He  places  the  platinum 
wire  along  tlie  axis  of  a  narrow  glass  tube  filled  with  hydrogen, 
HO  OH  U)  impede  the  formation  of  currents.  Although  in  this 
costj  the  wire  is  surrounded  by  a  mere  film  of  the  gas,  and  the 
])n;H(ince  of  currents  in  the  ordinary  sense  is  scarcely  to  be 
oHHiniied,  the  film  shows  itself  just  as  competent  to  quench  the 
incandescence  as  when  the  wire  is  caused  to  pass  through  a 
L'lrge  vessel  criutaining  the  gas.  Professor  Magnus  also  heated 
the  closed  t^jp  of  a  vessel,  and  found  that  the  heat  was  con- 
veyed more  quickly  from  it  to  a  thermometer,  placed  at  some 
distance  below  the  source  of  heat  when  the  vessel  was  filled 
with  hydrogen,  than  when  it  was  filled  with  air.  He  found  this 
to  be  the  case  even  when  the  vessel  was  loosely  filled  with 
cotton  wool  (jr  eider-down.  These  experiments  on  the  greater 
conductivity  of  hydrogen  as  compared  with  air  have,  however, 
in  the  opinion  of  Professor  Tyndall,  not  quite  established  the 
conclusions  drawn  from  them  by  their  originator,  and  the 
former  physicist  thinks  the  experimental  question  of  gaseous 
c^mductiim  still  an  open  one. 

The  following  are  some  of  the  experiments  made  and  the  re- 
sults oljtained  by  Professor  Magnus : — A  glass  tube,  lo  centimetres 
long  and  2  centimetres  wide,  had  one  end  closed  by  fusion,  and 
the  other  by  an  air-tight  cork.  Through  the  cork  passed  a  ther- 
mometer and  two  narrow  glass  tubes,  which  could  be  closed 
by  means  of  stopcocks.  The  small  tube  served  for  filling  the 
larger  tube  with  different  gases  ;  while  the  thermometer;  whose 
bulb  was  in  the  middle  of  the  tube,  indicated  the  temperature 
of  the  interior.     The  whole  apparatus  was  placed  in  a  glass  flask, 
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in  which  water  was  kept  boiling,  so  as  to  surround  the  apparatus 
during  the  experiment  by  an  envelope  of  vapour  of  constant 
temperature.  The  time  was  now  observed  which  elapsed  while 
the  thermometer  rose  from  20°  to  80°,  and  from  20°  to  90^,  the 
interior  of  the  tube  being  filled  with  a  different  gas  in  each  series 
of  experiments.     Magnus  found  : — 


Name  of  gas. 

Prom  20°  to  80°. 

From  20°  to  90°. 

Atmospheric  air 

.     3 '5  minutes. 

5*2$  minutes. 

Hydrogen 

.     i-o        „ 

I '4 

Carbonic  acid . 

.     4-25       „ 

6*3 

Ammonia 

•     3  5         » 

5*5 

Since  the  effect  of  currents  is  reduced  to  a  minimum  by 
this  arrangement,  and  their  action  must  on  the  whole  be  nearly 
the  same  for  all  gases,  these  experiments  establish  certainly  a 
striking  difference  of  behaviour  between  hydrogen  and  other 
gases. 

In  another  series  a  cylindrical  space  was  heated  from  above 
by  boiling  water  contained  in  a  vessel.  The  cylinder  contain- 
ing the  gas  had  a  lateral  opening,  closed  by  a  cork,  through 
which  a  thermometer  passed  in  a  horizontal  position.  The 
bulb  of  the  thermometer  was  protected  against  radiation  from 
the  top  by  a  little  shield  of  cork,  and  the  medium  surrounding 
the  gas  was  maintained  at  a  constant  temperature.  At  the 
pressures  mentioned  in  the  following  table,  the  stationary 
excess  of  the  internal  over  the  external  temperature  (15°  C.) 
was  found  for  the  various  gases  as  follows  : — 


Name  of  gas 


Atmospheric  air 
Oxygen  .     .     : 
Hydrogen   .     . 
Carbonic  acid  . 
Carbonic  oxide 
Nitrous  oxide  . 
Marsh  gas 
defiant  gas 
Ammonia    .     . 
Cyanogen    .     . 
Sulphurous  acid 


■8 


2a 
£5 


759*4 
771-2 

7600 

750-4 

760-0 

760-0 

771-3 
749-1 

770-3 

760-0 

757*3 


5 


is 


pq  S 


5 


9-6 

9*6 

13-0 

8-2 

9*5 
8-8 

9*4 
9-0 

8-1 

8-8 

7*8 


3560 

517-7 
309*1 


306-8 
319-2 
267-7 

301 -I 


0 

0 

lo-o 

11-6 

no 

12-5 

11-7 

9*3 

16-4 

^  ^ 

ii-o 

120 

7*3 

I2-0 

9*9 

19-8 

T  T  • 

9*4 

15*4 

14-0 

9-1 

II-4 

T  T  *i 

7 
6 
8 

3 
6 

5 
6 

7 
o 

4 
o 
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The  last  column,  with  a  mean  value  of  1 1°'47,  represents  the 
effect  of  nearly  unimpeded  radiation  in  a  vacuum.  Novr,  all 
gases,  with  the  exception  of  hydrogen,  show  a  smaller  excess  of 
the  temperature  in  a  denser  medium  than  in  a  less  dense,  which 
proves  that  the  effect  of  radiation  is  counteracted  by  an  ab- 
sorption which  exceeds  the  conduction.  But  hydrogen  exhibits 
the  opposite  behaviour  ;  the  transmitted  heat  in  its  denser  state 
is  greater,  which  indicates  a  conductive  action  similar  to  that  of 
the  metals. 

260.  Causes  wblcb  influence  tbe  conductivity.— ^The  con- 
ducting power  of  all  bodies  as  previously  mentioned,  is  diminished . 
by  pulverising  them,  or  dividing  them  into  fine  filaments.  Thus 
sawdust,  when  not  too  much  compressed,  is  one  of  the  most 
perfect  nonconductors  of  heat.  A  casing  of  sawdust  is  found  to 
be  the  most  effectual  method  of  preventing  the  escape  of  heat 
from  the  surface  of  steam-boilers  and  steam-pipes. 

If,  however,  the  sawdust  be  either  much  compressed  on  the 
one  hand  or  too  loosely  applied  on  the  other,  it  is  not  so  perfect 
a  nonconductor.  In  the  one  case,  the  particles,  being  brought 
into  closer  contact,  transmit  heat  from  one  to  another ;  and  in 
the  other  case,  the  air  circulating  too  freely  among  them, 
convection-currents  are  established  by  which  the  heat  is  trans- 
fused through  the  mass. 

To  produce,  therefore,  the  most  perfect  nonconductor,  the 
particles  of  the  body  must  have  naturally  little  conductivity, 
and  they  must  be  sufficiently  compressed  to  prevent  the  circula- 
tion of  currents  of  air  among  them,  and  not  sufficiently  com- 
pressed to  give  them  a  facility  of  transmitting  heat  from  particle 
to  particle  by  contact. 

261.  Sxamples. — The  animal  economy  presents  numerous 
and  beautiful  examples  of  the  fulfilment  of  these  conditions.  It 
is  generally  necessary  to  the  well-being  of  the  animal  to  have  a 
temperature  higher  than  that  of  the  medium  which  it  inhabits. 
In  the  animal  organipation  there  are  processes  carried  on  by  which 
heat  is  generated.  This  heat  has  a  tendency  to  escape,  and  to 
be  dissipated  at  the  surface  of  the  body,  and  the'rate  at  which  it 
is  dissipated  depends  on  the  difference  between  the  temperature 
of  the  surface  of  the  body  and  the  temperature  of  the  surrounding 
medium.  If  this  difference  were  too  great,  the  heat  would  be 
dissipated  faster  than  it  is  generated,  and  a  loss  of  heat  would 
take  place,  which,  being  continued  to  a  certain  extreme,  would 
destroy  the  animal. 

Nature  has  provided  an  expedient  to  prevent  this,  which 
varies  in  its  efficiency  according  to  the  circumstances  of  the  cli- 
mate and  habits  of  the  animal. 
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The  plumage  of  birds  is  composed  of  materials  which  are 
bad  conductors  of  heat,  and  are  so  disposed  as  to  contain  in 
their  interstices  a  great  quantity  of  air  without  leaving  it  space 
to  circulate.  For  those  species  which  inhabit  the  colder  climates 
a  still  more  eflfectual  provision  is  made,  for,  under  the  ordinary 
plumage,  which  is  adapted  to  resist  the  wind  and  rain,  a  still 
more  line  and  delicate  down  is  found,  which  intercepts  the  heat 
which  would  otherwise  escape  through  the  coarser  plumage. 
Perhaps  one  of  the  most  perfect  insulators  of  heat  is  swan's-down. 

The  wool  and  fur  of  animals^  are  provisions  obviously  adapted 
to  the  same  uses.  They  vary  not  only  with  the  climate  which 
the  species  inhabits,  but  in  the  same  individual  they  change 
with  the  season.  In  warm  climates  the  furs  are  in  general 
coarse  and  sparse,  while  in  cold  countries  they  are  fine,  close, 
light,  and  of  uniform  texture,  so  as  to  be  almost  impermeable 
to  heat. 

The  vegetable  not  less  than  the  animal  kingdom  supplies 
striking  illustrations  of  this  provision.  The  bark,  instead  of 
being  hard  and  compact,  like  the  wood  which  it  clothes,  is  po- 
rous, and  in  general  formed  of  discontinuous  laminae  and  fibres, 
and,  for  the  reasons  already  explained,  is  a  bad  conductor  of 
heat,  and  thus  prevents  such  a  loss  of  heat  from  the  surface  of 
the  wood  under  it  as  would  be  injurious  to  the  tree. 

A  tree  stripped  of  even  a  considerable  portion  only  of  its 
bark  perishes,  as  an  animal  would  if  stripped  of  its  fleece  or  a 
bird  of  its  plumage.  » 

Man  is  endowed  with  faculties  which  enable  him  to  fabricate 
for  himself  covering  similar  to  that  which  nature  has  provided 
for  other  animals  ;  and  where  his  social  condition  is  not  suflB- 
ciently  advanced  for  the  accomplishment  of  this,  his  object  is 
attained  by  the  conquest  of  inferior  animals,  whose  clothing  he 
appropriates. 

Clothes  are  generally  composed  of  some  light  nonconducting 
substances  which  protect  the  body  from  the  inclement  heat  or 
cold  of  the  external  air.  In  summer,  clothing  is  intended  to 
keep  the  body  cool ;  in  winter,  warm.  Woollen  substances 
are  worse  conductors  of  heat  than  cotton,  cotton  than  silk,  and 
silk  than  linen.  A  flannel  shirt  more  efl'ectually  intercepts  heat 
than  a  cotton,  and  a  cotton  than  a  linen  one. 

What  the  plumage  does  for  the  bird,  wool  for  the  animal, 
and  clothing  for  the  man,  snow  does  in  winter  for  the  soil.  The 
farmer  and  the  gardener  look  with  dismay  at  a  hard  and  con- 
tinued frost  which  is  not  preceded  by  a  fall  of  snow.  .  The  snow 
is  nearly  a  nonconductor,  and,  when  sufficiently  deep,  may  be 
considered  as  absolutely  so.     The  surface  may  therefore  fall  to 
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a  tenipenitiire  iireatlv  belDw  o'.  bat  the  bottom  in  contact  with 
rile  rtf^catiim  tyi  zhe  •foildi^es  not  ahare  in  this  fall  of  tempen- 
ture.  remaining  at  o'.  a  temperature  at  that  season  not  incom- 
patiMe  with  the  vei^table  t>n^aniaation.  Thus  the  roots  and 
voiin^  sh'.'i-ta  are  prijtected  from  a  deatmctiYe  cold. 

The  ;rLrclener  who  rears  exotic  Tegetablea  and  fruit  trees 
pn.itectd  them  fri.^m  the  extreme  culd  of  winter  by  coating  them 
with  straw,  matting,  moat».  and  other  fibrous  materials  which 
are  n«  ■  rco H'  liicti .>n. 

It  we  would  pre:9erye  ice  fri>m  diasolving,  the  most  effectual 
means  wijulil  be  to  wrap  it  in  blankets.  Ice-houses  may  be  ad- 
\  :uit:urei  lusly  sum.'unded  with  sawdust,  which  keep  them  cold 
bv  '■w.-'u'lufii  the  heat,  by  the  same  property  in  virtue  of  which 
it  keeps  steam-b<:>ilers  warm  by  iiichidinij  the  heat. 

Air  being  a  bad  conductor  of  heat,  ice-houses  are  sometimes 
c<  instructed  with  double  walls,  having  a  space  between  them. 
This  expedient  is  still  more  effectual,  if  the  space  be  filled  with 
lix«e  sawdust. 

Glass  and  p^i-rcelain  are  sL.>w  conductors  of  heat,  which 
explains  the  tact  that  vessels  «»f  this  material  are  so  often  broken 
by  suddenly  iK.uring  hot  water  into  theuL  If  it  be  poured  into 
a  glass  tumbler,  the  bottom,  with  which  the  water  first  comes  in 
ojntact,  expan«.ls  :  but  the  heat  not  passing  freely  to  the  upper 
part,  this  expansion  is  limited  to  the  bottom,  which  is  thus 
forced  from  the  upper  i>art,  and  a  crack  is  produced. 

When  wine-c«x»lers  have  a  double  casing,  the  external  space 
is  filled  with  a  nonconductor.  , 

When  a  solid  body — a  globe,  for  example — is  heated  at  the 
surface,  the  heat  passes  gradually  from  the  surface  to  the  centre. 
The  temx)eratiure  of  the  superficial  stratum  is  greater,  and  the 
temi>erature  of  the  centre  less  than  those  of  the  intermediate 
parts,  and  the  temperature  of  the  successive  strata  is  graduaUy 
less,  proceeding  from  the  surface  to  the  centre. 

But  if  the  globe  be  previously  heated,  so  as  to  have  an  uni- 
form temperature  from  the  centre  to  the  surface,  and  be  allowed 
to  c<K;l  gradually,  the  superficial  stratum  will  first  fall  some 
degrees  below  the  stratum  within  it.  This  latter  will  fall  below 
the  next  stratum  proceeding  inwards  ;  and  in  the  same  way 
each  successive  stratum  proceeding  from  the  surface  to  the 
centre  will  attain  a  temperature  a  little  lower  than  the  stratum 
under  it,  the  temi)eratiu*es  augmenting  from  the  surface  to  the 
centre. 

After  ap  interval,  of  greater  or  less  duration,  according  to 
the  magnitude  of  the  globe,  the  conductivity  and  specific  heat 


CONDUCTION.  353 

of  the  matter  of  which  it  is  composed,  the  temperature  to  which 
it  has  been  raised,  the  temperature  of  the  surrounding  me- 
dium, and  other  circumstances  to  be  considered  in  the  next 
chapter,  it  will  be  reduced  to  a  uniform  temperature,  which 
will  ultimately  be  that  of  the  surrounding  medium. 

If  a  mass  of  fluid  metal  be  cast  in  a  spherical  mould,  the 
surface  only  will  be  solidified  in  the  first  instance.  It  will  become 
a  spherical  shell,  filled  with  liquid  metal.  As  the  cooling  pro- 
ceeds^ the  shell  will  thicken,  and  after  an  interval  of  time,  the 
length  of  which  will  depend  on  the  circumstances  above  men- 
tioned, the  ball  will  become  solid  to  its  very  centre,  the  last 
portion  solidified  being  that  part  of  the  metal  which  is  at  and 
immediatelv  around  the  centre. 

It  is  evident  that  the  superficial  stratum  will  first  cease  to  be 
incandescent  ;  and  in  the  same  way  each  successive  stratum  i>ro- 
ceeding  from  the  surface  to  the  centre  will  cease  to  be  incandes- 
cent before  the  stratum  within  it. 

If  in  the  process  of  cooling,  iand  after  the  globe  ceases  to  b© 
red  hot,  it  were  cut  through  the  centre,  it  would  be  found  that 
the  central  parts  would  be  still  incandescent ;  and  if  its  magni- 
tude were  sufficiently  considerable,  it  would  be  found  that  even 
after  the  superficial  stratum  had  been  reduced  to  a  moderate 
temperature,  strata  nearer  the  centre  would  be  red  hot,  and  the 
central  part  still  fluid. 

The  interval  which  must  elapse  before  the  thermal  equili- 
brium would  be  established  might  be  hours,  days,  weeks, 
months,  years,  or  even  a  long  succession  of  ages,  according  to 
the  magnitude  and  physical  qualities  of  the  material  composing 
the  globe. 

The  cylinder  of  the  hydraulic  press  by  which  the  tubes  of 
the  Britannia  bridge  were  elevated  was  formed  of  a  mass  of 
fluid  iron  weighing  22  tons.  This  enormous  casting,  after  being 
left  in  the  mould  for  three  days  and  nights,  was  still  red  hot 
at  the  surface.  After  standing  to  cool  in  the  open  air  for  ten 
days,  it  was  still  so  hot  that  it  could  only  be  approached  by  men 
well  inured  to  heat. 

The  torrents  of  liquid  lava  which  flow  from  volcanoes  become 
solid  on  their  external  surface  only  to  a  certain  thickness.  The 
lava  in  the  interior  of  this  shell  still  continues  fluid.  The 
stream  of  lava  thus  forms  a  vast  tube,  within  which  that  portion 
of  the  lava  still  liquid  flows  for  a  long  period  of  time.  Months 
and  even  years  sometimes  elapse  before  the  thermal  equilibrium 
of  these  volcanic  masses  is  established. 

The  globe  of  the  earth  itself  presents  a  stupendous  example 

▲  A 
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of  the  play  of  these  principles.  The  vicissitudes  of  temperature 
incidental  to  the  surface  extend  to  an  inconsiderable  depth.  At 
the  depth  of  a  hundred  feet,  in  our  climates,  they  are  completely 
effaced.  At  this  depth  the  thermometer  no  longer  varies  with 
the  seasons.  In  the  rigour  of  winter  and  the  ardour  of  summer 
it  stands  at  the  same  point.  This  stratum,  the  depth  of  which 
in  any  locality  depends  on  various  physical  conditions  is  called 
*  the  stratum  of  invariable  temperature.  It  is  found  to  be  at 
Paris  at  the  depth  of  86  feet.  The  thermometer  in  the  vaults 
under  the  Observatory  at  that  depth  has  continued  without 
variation  at  ii°'82  C.  =5 3° '276  Fahr.  for  more  than  fifty  years. 
Near  Edinburgh,  Professor  Forbes  found  that  the  variation  of 
temperature  did  not  penetrate  to  more  than  40  feet. 

At  greater  depths  the  temperature  increases,  but  is  always 
in  the  same  locality  invariable  for  the  same  depth.  An  increase 
of  temperature  takes  place  in  descending,  at  the  rate  of  one 
degree  F.  for  every  54J  feet  of  depth.  Thus,  the  water  which 
issues  from  the  Artesian  wells  at  Grenelle  near  Paris,  and 
which  rises  from  a  depth  of  1800  feet,  has  a  constant  tem- 
perature of  27°7  C.  =82°  Fahr. 

It  is  apparent  that  the  earth  is  a  globe  undergoing  the  gra^ 
dual  process  of  cooling,  and  that  each  stratum  proceeding 
inwards  towards  the  centre  augments  in  temperature.  It  follows, 
therefore,  that  a  part  at  least  of  the  superficial  heat  of  the  earth 
proceeds  from  within.  It  is  certain,  nevertheless,  by  taking 
into  account  all  the  conditions  of  the  question,  that  the  cooling 
goes  on  so  slowly  as  to  have  no  sensible  influence  on  the  tempe- 
rature at  the  surface,  which  is  therefore  governed  by  the  solar 
heat,  and  the  heat  of  the  medium  or  space  in  which  our  globe, 
in  common  with  the  other  planets,  moves.  It  has  been  computed 
that  the  quantity  of  central  heat  which  reaches  the  surface  in  a 
year  would  not  suffice  to  dissolve  a  cake  of  ice  a  quarter  of  an 
inch  thick. 

The  globe  of  the  earth,  therefore,  manifesting  the  effects  of 
a  mass  which,  having  been  at  some  antecedent  period  at  an  ele- 
vated temperature,  is  imdergoing  the  process  of  gradual  cooling 
from  the  surface  inwards,  it  is  nearly  certain  that  its  central 
parts  are  still  in  a  state  of  incandescence  and  fusion. 

262.  irumerical  expression  for  conductivity. — A  nume- 
rical expression  for  the  measure  of  conductivity  of  substances 
is  obtained  in  the  following  way.  Let  there  be  a  plate  of  some 
substance,  of  indefinite  surface,  i  foot  thick,  bounded  by  parallel 
planes,  and  let  a  constant  difference  of  temperature  be  main- 
tained between  thom  of  1°  C.    Then  a  constant  temperature  will 
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be  obtained  along  every  plane  parallel  to  the  boundaries,  but  a 
different  one  along  a  line  perpendicular  to  the  boundaries.  At 
some  point  in  this  line,  m  feet  distant  from  the  colder  side,  the 
temperature  is  m°  higher  than  at  the  colder  side,  m  being 
less  than  unity.  Through  i  square  foot  of  each  plane  parallel  to 
the  boundaries,  and  through  the  boundaries  themsel\res  flows 
the  same  quantity  of  heat ;  now,  the  quantity  of  heat  which 
under  these  circumstances  flows  through  different  substances  is 
a  measure  of  conductivity  of  these  substances.  Thus  for  two 
kinds  of  iron  per  minute  *he  quantity  was  found  to  be  o' 01337, 
o  00992  thermal  units  respectively.  If  this  quantity  for  some 
other  body  is  l,  the  thickness  of  the  plate  =  d,  and  the  constant 
temperatiure  on  both  sides  t^,  t,^,  then  the  heat  passing  in  one 
minute  through  every  plane  parallel  to  the  two  planes,  and 
having  an  area  of  s  square  feet,  is 

^  ^^^^^^  units  per  minute. 

a 

In  this  equation  l  represents  the  coefficient  of  internal  con- 
ductivity of  the  substance,  heat  being  conducted  in  this  case 
only  through  the  molecules  of  the  same  substance.  But  two 
difterent  substances  in  contact  will  also  cause  a  flow  of  heat,  as 
long  as  they  are  at  unequal  temperatures.  Thus,  let  a  plate 
having  an  area  of  one  square  metre,  and  being  i  •""•  thick,  have 
a  constant  temperature  difference  of  1°  between  the  two  opposite 
faces  by  keeping  one  side  at  0°  and  the  other  at  1°.  Let  the 
heat  passed  through  in  i  second  be  l  ;  let  a,  b  be  any 
other   temperatures   maintained   constantly   at   both   opposite 

sides,  then  — ^^ — ,  ^  =  heat  passing  through  the  section.     Now, 

if  c  is  the  temperature  of  the  air  on  one  side,  c'  that  on  the 
other  side,  we  must  have 

a 

=  /i'(6-c') 
because  on  the  supposition  of  a  constant   temperature  being 
maintained  at  both  sides,  the  same  quantity  of  heat  must  enter 
on  one  side  which  leaves  the  plate  on  the  other  side.     In  this 
equation  h,  IV  are  called  coefficients  of  external  conductivity. 

263.  More  recent  ezperlments  on  conductivity  in  g^ases. 
— Dr.  Narr  has  very  recently  made  experiments  on  heat-con* 
duction  and  the  nte  of  cooling  in  hydrogen,  nitrogen,  air,  and 
carbonic  acid — from  which  the  following  conclusions  are  drawn. 

I.  The  results  arrived  at  by  Dulong  and  Petit  (see  next 
chapter")  do  not  express  the  true  law  of  the  variation  of  the 

A  A2 
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rate  of  (y^jliog  of  a  heated  body  in  a  gas  with  the  tempermtare, 
ifiasuinch  an  it  gives  f*uly  the  cooling  effect  of  the  gas. 

2.  Tlie  co'^lirig  effects  of  different  gases  differ  Teiy  consider- 
ably, and  gai»es  must  be  ranged,  with  respect  to  this  effect,  not 
according  to  their  chemical  bnt  rather  according  to  their 
phyKical  cliaracter,  since  hydrogen  and  carbonic  add — two  gaaes 
differing  very  widely  in  specific  gravity  and  in  capacity  for  heat 
— likewise  exhibit  the  greatest  difference  of  cooling  power, 
wliereas  nitrogen  and  atmospheric  air,  which  are  characteriaed 
by  almost  identical  physical  constants,  likewise  exhibit  almost 
equal  rates  of  a>oling. 

3.  Calculations  made  to  trace  the  dep»endence  of  the  observed 
temi>eratures  on  the  times  of  cooling  by  maans  of  the  formula, 

log.  Tq  —  log.  T  =  a^  X  +  a.^x'^, 
showed  that  in  all  cases  the  coefiicient  a.^  has  a  very  small  yalue, 
which,  with  exception  of  the  data  of  observation  relating  to 
hydro(^en,  was  negative.  Hence  it  appears  that,  for  most  gases, 
the  deviations  from  Newton's  law  of  the  proportionality  of  the 
rate  of  cooling  of  a  body  to  the  excess  of  its  temperature  above 
surrounding  objects  are  inconsiderable,  and  that  hydrogen  ex- 
hibits a  deviation  in  the  contrary  sense. 

4.  Calculations  relating  to  cooling  in  a  vacuum  give  also  a 
very  small  value  for  the  coefficient  a^j  so  that  the  deviations  of 
the  rates  of  cooling  calculated  from  the  formula 

I?  =  m  T 
from  the  rates  actually  observed  were  but  slightly  greater  than 
those  relating  to  cooling  in  hydrogen.     For  these  reasons  Narr 
regards  it  as  highly  probable  that  Newton's  law  is  the  true  ex- 
pression for  the  cooling  effect  due  to  radiation  alone. 

Professor  Stefan  has  also  very  recently  further  extended  the 
experimental  researches  into  the  conductivity  of  gases.  From 
experiments  with  double-walled  thermometers  of  brass  or 
copperplate,  having  the  space  between  the  metallic  envelopes 
tilled  with  the  gas  under  examination,  he  concludes  that  the 
conducting  power  of  air  is  nearly  20,000  times  less  than  that  of 
copper,  and  3400  times  less  than  that  of  iron.  His  experiments 
confirm  the  conclusions  deduced  from  modern  physical  theories, 
that  the  conducting  power  of  any  particular  gas  is  independent 
of  its  density  ;  also  the  conclusion  deduced  by  Professor  Maxwell 
from  theoretical  considerations,  that  the  conducting  power  of 
hydrr)gon  is  seven  times  as  great  as  that  of  air. 

264.  Summary  of  tbe  results  of  experiments. — I.  The 
mathematical  theory  of  conduction  is  very  complex,  but  it  may 
be,  assumed  that  the  heat  conducted  is  approximately  propor- 
tional to  the  temperature  differen,ce. 
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2.  The  temperatures  along  a  bar  decrease  in  a  geometrical 
ratio,  if  the  distances  from  the  source  of  heat  increase  in  an 
arithmetical  series. 

3.  The  conductivity  is  proportional  to  the  square  of  the  dis- 
tances for  which  the  differences  in  the  temperature  of  the  bar 
and  that  of  the  surrounding  air  are  equal. 

4.  The  mean  values  of  the  coefiicients  of  conductivity  maybe 
derived  approximately  from  the  following  numbers,  given  on  page 
332,  as  the  results  of  the  experiments  by  Franz  and  Wiedemann, 
viz.  :  silver  =  looo;  copper,  736;  brass,  231  ;  zinc,  190;  tin,  145  ; 
iron,  1 19  ;  lead,  85  ;  platinum,  84  ;  German  silver,  63  ;  bismuth, 
18,  by  adding  |  of  the  number  to  it,  and  dividing  by  10.  Thus, 
for  copper  : 

coeff.  of  conductivity  =  736  +  -  *^- 

— f^  =  98- 

5.  In  crystals  of  the  regular  system  the  conductivity  is  equal 
in  all  directions.     In  others  only  in  the  plane  of  the  same  axis. 

In  the  regular  system  there  is  a  sphere  of  isotherm als  ;  in 
those  of  the  second  and  third  system  it  is  an  ellipsoid  of  rota- 
tion, in  the  three  last  a  triaxial  ellipsoid.  Wood  in  the  direction 
of  its  fibres  is  a  better  conductor  than  across  their  direction. 


CHAPTER  XIII. 

RADIATION. 


265.  XTature  of  radiation.  BifTerence  between  radia- 
tion and  conduction. — Heat,  like  light,  is  propagated  through 
space  by  radiation  in  straight  liaes,  and  its  rays,  like  those  of 
light,  are  subject  to  transmission,  reflection,  and  absorption  by 
such  bodies  as  they  encounter  in  various  degrees. 

All  that  is  established  in  optics  respecting  the  reflection  of 
light  from  unpolished,  perfectly  and  imperfectly  polished  sur- 
faces, its  refraction  by  transparent  media,  its  interference,  in- 
flexion, and  polarisation,  may,  with  little  modification,  be  applied 
to  the  rays  of  heat  submitted  to  similar  conditions. 

In  radiation  the  motion  of  the  molecules  is  supposed  to  be 
communicated  to  another  body  by  means  of  the  motion  of  the 
intermediate  ether  which  fills  universal  space  and  the  interstices 
between  the  molecules  of  matter.  The  number  of  vibrations  per 
second  of  the  ether  necessary  for  heat  begins  with  60  billions  and 
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extends  to  about  800  billionB.  From  400  to  600  billions  light 
U  abtTi  prr^xluced.  IS  ear  800  billions  the  heat  effect  becomes  very 
small.  Heat  and  light  radiation  are  otherwise  identicaL  A  body 
is  only  heated  by  heat  rays  if  the  vibrations  of  its  ether  are 
transferred  to  its  molecules,  that  is,  if  it  absorbs  heat  rays.  If 
this  is  not  the  case,  the  ether-vibrations  are  simply  transmitted, 
and  the  body  does  not  change  its  own  temperature.  The  pro- 
gressive motion  /)f  heat  rays  has  the  same  velocity  as  that  of 
light  radiation.  Through  empty  space,  through  air  and  other 
bodies,  radiation  of  heat  proceeds  in  all  cases  with  the  velocity 
of  light. 

That  the  intervening  medium  remains  itself  unheated  by  the 
traversing  heat  rays  may  be  inferred  from  a  variety  of  observa- 
tions and  experiments.  In  turning  round,  the  face  is  no  longer 
heated  by  a  fire  at  a  distance,  hence  the  air  itself  is  not  heated 
through  by  the  fire  ;  similarly  a  thermometer  falls,  if  a  screen 
is  placed  between  it  and  the  fire ;  the  upper  layers  of  the  air 
and  universal  space  are  cold,  while  the  earth  is  warmed  by  the 
sun.  Provost  made  the  following  experiment :  a  flame  was 
placed  on  one  side  of  the  jet  of  a  foimtain,  a  sensitive  thermo- 
meter on  the  other  ;  the  thermometer  rose,  although  the  water 
remained  at  the  same  temperature  between  the  source  of  heat 
and  the  thermometer,  because  it  was  constantly  renewed. 
Another  experiment  may  easily  be  made  thus  :  water  is  al- 
lowed to  pass  through  a  hollow  convex  lens,  which  acts  as  a 
burning-glass  ;  the  water  maintains  its  temperature  while  an 
easily  inflammable  body  may  be  ignited  in  the  focus  of  the  con- 
verging heat  rays.  The  spectrum  of  the  sun  and  other  bodies 
hIiows  the  identity  of  light  and  heat  rays,  but  also  that  there 
exist  dark  and  luminous  heat  rays.  Dark  rays  are  les&  re- 
frangible, and  make  therefore  a  less  number  of  vibrations  per 
second.  Finally,  solar  light  and  heat  appear  always  together, 
hence  their  velocity  is  the  same. 

In  comiuction  the  molecular  motion  passes  from  one  part  of 
a  body  lo  anc^tlier,  from  one  body  to  another,  from  molecule  t,^ 
molecule.  Hones  it  is  supposed  that  in  conduction  heat  passes 
from  one  molecule  to  the  other  through  the  envelopes  of  ether 
which  may  be  assumed  to  form  a  kind  of  shell  round  each 
molecule.  Conduction  is  therefore  radiation  at  very  small  dis- 
ttinces,  and  heat  thus  pairing  from  molecule  to  molecule  must 
clearly  take  longer  time  for  its  propagation,  and  without  exception 
all  intermediate  particles  must  be  heated.  This  slow  propaga- 
tion involves  loss  by  radiation  and  conduction  to  neighbouring 
bodies,  hence  the  temperature  m^^st  gradually  diminish  the 
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farther  the  heat  is  conducted.  Besides,  molecules  of  different 
bodies  are  in  the  most  varying  positions  toward  one  another, 
hence  a  different  velocity  of  molecular  motion.  Hence  good  and 
bad  conductors.  Metals  are  the  best  conductors,  gases  the  worst, 
for  the  great  distances  between  the  molecules  make  radiation 
more  prominent,  as  in  empty  space,  without  the  intermediate 
heating  of  the  molecules. 

Metal  and  wooden  bars  placed  in  a  source  of  heat  show  the 
difference  between  good  and  bad  conductors.  Silver  and  iron 
show  differences  among  good  conductors.  Decrease  of  tempera- 
ture with  distance  from  source  of  heat  shows  itself  in  all  these 
cases  plainly.  This  difference  of  conducting  power  is  readily 
shown  by  the  thermopile.  Small  cylinders  of  silver,  copper,  iron, 
bismuth,  stone,  wood,  are  placed  upon  the  pile.  After  the  cylin- 
der HIiiS  the  same  temperature  as  the  pile  there  is  no  deflection 
of  the  galvanometer.  Then  the  same  small  iron  disc,  taken  from 
boiling  water,  is  placed  upon  the  cylinders  successively:  different 
times  are  required  for  each  metal  for  the  same  deflection. 

Convection  takes  place,  when  liquid  or  gaseous  bodies  have 
at  a  lower  level  a  higher  temperature  than  at  an  upper.  In  con- 
sequence of  expansion  the  lower  layers  become  lighter,  rise  by 
their  buoyancy,  and  convey  thus  to  the  upper  layers  a  higher 
temperature. 

In  this  manner  water  is  heated  by  a  flame  applied  below 
or  at  the  sides.  Warming  by  gas  rests  on  convection.  Winds 
are  produced  by  currents  due  to  convection.  It  will  be  seen, 
from  this  brief  outline  of  facts,  that  radiation  differs  essen- 
tially from  the  modes  of  heat-propagation  hitherto  considered. 

266.  Xnstrnineiits  for  tbe  study  of  radiant  beat. — Common 
thermometers  take  too  long  a  time  for  showing  the  temperature 
required  to  be  shown  ;  hence  small  differences  of  temperature 
when  instantaneously  occurring  cannot  be  shown  by  them.  In 
Lesie's  differential  thermometer,  air,  which  expands  consider- 
ably, is  used  to  show  quickly  a  sensible  expansion,  and  hence 
difference  of  temperatures. 

Leslie's  difierential  thermometer,  described  in  Art.  41,  page 
32,  has  two  bulbs,  filled  with  air;  one  is  covered  with  lamp< 
black,  and  both  are  connected  by  a  tube.  A  thread  of  coloured 
sulphuric  acid  indicates  the  changes  of  temperature. 

In  Melloni's  (Nobili's)  thermopile  antimony  and  bismuth 
couples  are  used,  and  the  first  antimony  and  last  bismuth  bar 
connected  with  the  galvanometer.  By  means  of  this  instrument 
temperature  differences  of  5-0^0*^  ^^  *  degree  on  the  centigrade 
scale  can  be  accurately  determined. 
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267.   r^i  ■  ■■■!  ■— ijili  •r  attmr  Uskt. — It  is  demonatrmted 

in  the  trean:«e  on  Om<:»^  in  this  series,  aiit.  178,  page  123, 
that  solar  :i;.'ht  is  a  o^mponnd  c>jiisisiting  of  rays  differing  from 
«>ne  another,  not  only  in  their  lominons  qualities  oi  colour  and. 
brightness,  bnt  also  in  their  thermal  and  chemical  {»operties. 

Let  s  s.  ni.  99.  represent  a  pencil  of  solar  light  transmitted 
thn>ngh  a  prism  a  b  c,  s«>  as  to  be  resolred  into  a  diTergent  fan 
of  rajs,  and  to  form  a  spectmm,  as  described  in  Optics,  art. 
179.  page  I  '5-  Let  L  and  1/  be  the  limits  of  the  luminous  speo- 
tmm.  If  the  bnlb  of  a  thermometer  be  placed  at  l,  it  will  not 
indicate  any  elevation  of  temperature ;  and  if  it  be  gradually 
moTed  dovmwards  along  the  spectrum,  it  will  not  begin  to  be 
sensibly  affected  until  it  arrives  at  the  boundary  of  the  violet 
and  blue  spaces,  where  it  will  show  an  increased  temperature. 
As  it  is  moved  downwards  from  this  point,  the  tempefatnre 
will  continue  to  increase  until  it  is  brought  to  the  lower  ex- 
tremity l'  of  the  luminous  spectrum.  If  it  be  then  removed 
l>elow  this  point,  instead  of  falling  to  the  temperature  of  the 
medium  around  the  spectrum,  as  might  be  expected,  and  as 
would  in  fact  happen  if  no  rays  of  heat  transmitted  through 
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the  prism  passed  below  l',  it  will  descend  slowly  and  gradually 
and  will  in  some  cases  even  show  an  increased  temperature  to  a 
certain  small  distance  below  l'.  In  fine,  it  will  be  found  that 
the  tliermometer  will  not  fall  to  the  temperature  of  the  sur- 
rounding medium  until  it  arrives  at  a  certain  distance  h'  below 
l',  the  extremity  of  the  luminous  spectrum. 

From  this  and  other  similar  experiments,  it  is  inferred  that 
thennal  rays  which  are  not  luminous,  or  at  least  not  sensibly  so, 
enter  into  the  composition  of  solar  light,  and  that  these  rays  are 
diiierently  refrangible,  their  mean  rofrangibility  being  less  than 
the  mean  refrangibility  of  the  luminous  rays. 

It  is  also  demonstrated  in  Optics  (article  205,  page  150) 
tliat  the  chemical  rays  which  enter  into  the  composition  of 
Holar  light  are  also  differently  refrangible,  and  have  a  mean 
refrangibility  greater  than  that  of  the  lumiiious  rays. 
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According  to  this  view  of  the  constitution  of  solar  light,  the 
prism  ABC  must  be  regarded  as  producing  three  spectra,  a 
chemical  spectrum  c  c',  a  luminous  spectrum  L  l',  and  a  thermal 
spectrum  h  h',  the  relative  position  of  which  will  more  strikingly 
appear  frorsi  Jig.  133,  page  147,  in  the  treatise  on  Optics,  in 
this  series.  The  luminous  or  chromatic  spectrum,  the  only  one 
visible,  lies  between,  and  is  partly  overlapped  by,  the  other 
two,  the  chemical  spectrum  extending  a  little  above,  and  the 
thermal  a  little  below  it.  If  we  imagine  a  screen  m  n  placed 
before  the  prism,  composed  of  a  material  pervious  to  the  lumin- 
ous, but  impervious  to  the  chemical  and  thermal  rays,  then  the 
luminous  spectrum  l  l'  alone  will  remain,  and  neither  a  thermo- 
meter, nor  chloride  of  silver  or  any  other  chemical  substance 
will  be  appreciably  affected  when  exposed  in  it.  If  the  screen  m  n 
be  pervious  only  to  the  thermal  rays,  then  the  luminous  and 
chemical  rays  will  be  intercepted,  and  the  thermal  spectrum  h  h' 
alone  will  be  manifested.  The  thermometer  exposed  in  it  will 
indicate  the  variations  of  calorific  influence  already  explained, 
showing  the  greatest  thermal  intensity  at  and  a  little  beyond  that 
point  at  which  the  red  extremity  of  the  luminous  spectrum  would 
have  been  found,  had  the  luminous  rays  not  been  intercepted. 

268.  Reft*angrtbllity  dependent  on  tbe  nature  of  medium. 
If  prisms  composed  of  different  materials  be  used,  it  will  be 
found  that  the  mean  refrangibility  of  the  thermal  rays  will  vary 
according  to  the  material  of  the  prism,  and  will  also  depend  on 
the  nature  of  the  heat ;  consequently,  the  position  of  the  point 
of  greatest  thermal  intensity  will  be  subject  to  a  like  variation. 

If  a  hollow  prism  be  filled  with  water  or  alcohol,  the  point 
of  greatest  thermal  intensity  wiQ  be  about  the  middle  of  the 
yellow  space  of  the  luminous  spectrum.  If  a  prism  of  sulphuric 
acid,  or  a  solution  of  corrosive  sublimate,  be  used,  it  will  be  in 
the  orange  space.  With  a  crown  glass  prism  it  will  be  in  the 
red  space  ;  and  with  one  of  flint  glass,  a  little  beyond  that 
space  ;  that  is,  in  our  figure,  below  it. 

269.  Invisible  rays. — In  the  preceding  explanation,  the 
solar  light  is  regarded  as  consisting  of  three  distinct  species  of 
rays,  the  chemical,  the  luminous,  and  the  thermal.  It  is  not 
necessary,  however,  for  the  explanation  of  these  phenomena, 
to  adopt  this  hypothesis.  The  light  may  be  considered  as  con- 
sisting of  rays  which,  differing  in  refrangibility,  possess  the 
other  physical  qualities  also  in  different  degrees.  So  far  as  the 
sensibility  of  thermometers  enables  us  to  detect  the  thermal 
property,  it  ceases  to  exist  at  a  certain  point,  near  the  boundary 
of  the  blue  and  violet  spaces ;  but  the  diminution  of  thermal 
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intensity,  in  approaching  this  point,  as  indicated  by  the  thermo- 
meter, is  very  gradual ;  and  it  cannot  be  denied,  that  a  theimal 
influence  may  exist  above  that  point,  which  is,  nevertheleeSy  too 
feeble  to  affect  the  thermoscopic  tests  which  are  usecL  In  the 
same  manner  it  may  be  maintained  that  a  chemical  influence 
may  exist  below  tlie  point  c',  but  too  feeble  to  affect  any  of  the 
tests  which  have  been  applied  to  it. 

But  it  may  be  asked,  if  all  the  component  rays  possess  all  the 
properties  in  different  degrees,  how  happens  it  that  the  chemical 
rays  above  l,  and  the  thermal  rays  below  l',  are  not  visible  ? 
To  this  it  may  be  answered  that  the  presence  of  the  luminous 
(quality  is  determined  by  its  effect  on  the  eye  ;  and  the  discovery 
of  its  presence  must  therefore  depend  on  the  sensibility  of  that 
organ.  To  pronounce  that  there  are  no  luminous  rays  beyond 
the  limits  of  the  chromatic  spectnmi,  would  be  equivalent  to 
declaring  the  sensibility  of  the  eye  to  be  unlimited.  Now,  it  is 
notorious  that  the  sensibility  of  sight,  in  different  persons,  is 
different ;  and,  even  in  the  same  individual,  varies  at  different 
times.  Circumstances  render  it  highly  probable  that  many  in- 
ferior animals  have  a  sensation  of  light,  and  a  perception  of 
visible  objects,  where  the  human  eye  has  none  ;  and  it  is  there- 
fore consistent  with  analogy  to  admit  the  possibility,  if  not  the 
probability,  that  the  invisible  thermal  rays  below  l',  and  the  in- 
visible chemical  rays  above  l,  may  be  of  the  same  nature  as  the 
other  rays  of  the  spectrum,  aU  enjoying  the  luminous,  thermal, 
and  chemical  properties  in'  common ;  the  apparent  absence  of 
these  properties  in  the  extreme  rays  being  ascribable  solely  to 
the  want  of  suflicient  sensibility  in  the  only  tests  of  their  pre- 
sence which  we  possess. 

Fortunately,  however,  the  experimental  results  of  physical 
science,  though  deductions  from  them  may  be  facilitated  by 
these  and  other  hypotheses,  are  not  dependent  on  them,  but 
on  observed  facts  and  phenomena,  and  cannot,  consequently, 
be  modified  by  theories. 

270.  Radiation  of  invisible  rays. — If  a  hole  be  made  in 
the  screen  upon  which  the  prismatic  spectrum  is  thrown,  in  the 
space  l'  h'  below  the  red  extremity  of  the  spectrum  ui)on  which 
the  invisible  thermal  rays  fall,  these  rays  will  pass  through  it, 
and  may  be  submitted  to  all  the  experiments  on  reflection,  re- 
fraction, inflexion  or  diffraction,  interference,  and  polarisation. 
This  has  been  done,  and  they  have  been  found  to  manifest  effect? 
similar  to  those  exhibited  by  luminous  rays. 

It  is  shown  in  optics  that  when  a  body  is  either  luminous, 
like  the  sun,  or  illuminated,  like  the  moon,  each  point  upon  its 
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surface  is  an  independent  centre  of  radiation  ov  focvs  from  which 
rays  of  light  diverge  or  radiate  in  all  directions.  It  is  the  same 
with  regard  to  heat.  All  bodies,  whatever  be  their  state  or  con- 
dition, contain  more  or  less  of  this  physical  agency  ;  and  rays 
of  heat  accordingly  issue  from  every  point  of  their  surface,  as 
from  a  focus,  and  diverge  or  radiate  in  all  directions  through 
the  surrounding  space. 

This  being  the  case,  it  would  follow  that  by  such  continual 
and  i^limited  radiation,  bodies  would  gradually  lose  their  heat, 
and  indefinitely  fall  in  temperature.  It  must  be  considered, 
however,  that  such  radiation,  being  universal,  each  body,  while 
it  thus  radiates  heat,  receives  upon  its  surface  the  rays  of  heat 
which  proceed  from  other  bodies  around  it.  So  many  of  these 
rays  as  it  absorbs  tend  to  increase  its  temperature,  and  to  replace 
the  heat  dispersed  by  its  own  radiation.  There  is  thus  between 
body  and  body  a  continual  interchange  of  heat  by  radiation; 
and  according  as  this  interchange  is  equal  or  unequal,  the  tem- 
perature of  the  radiating  body  will  rise  or  fall.  If  it  radiate 
more  than  it  absorbs,  it  will  fall ;  if  less,  it  will  rise.  If  it  absorb 
as  much  exactly  as  it  radiates,  its  temperature  will  be  maintained 
stationary. 

Radiation  takes  place  altogether  from  points  either  on  the 
surface  or  at  a  very  small  depth  below  it.  The  circumstances 
which  affect  it  have  been  first  submitted  to  accurate  study  by  a 
beautiful  series  of  experiments  made  by  the  late  Sir  John 
Leslie.  The  principles  on  which  his  mode  of  experimenting 
was  founded  are  easily  explained. 

271.  Reflection  of  beat. — Let  a  cubical  canister  of  tin  {fig. 
106)  be  placed  in  the  axis  of  a 
parabolic  metallic  reflector  m,  in 
the  focus  /  of  which  is  placed  the 
bulb  of  a  sensitive  differential 
thermometer.  If  the  canister  be 
placed  with  one  of  its  sides  at 
right  angles  to  the  axis  of  the 
reflector,  and  be  fiUed  with  boil- 
ing water,  the  thermometer  will  ^?-  '^^°- 
instantly  show  an  increase  of  temperature  caused  by  the  heat 
radiated  from  the  surface  of  the  canister,  and  collected  into  a 
focus  upon  the  ball  by  the  reflector.  A  perspective  view  of  the 
apparatus  is  given  inj%.  loi. 

The  experiment  may  be  varied  by  filling  the  canister  with 
liquids  at  all  temperatures,  with  snow,  and  with  freezing  mix- 
tures producing  artificially  very  low  temperatures.  The  surface  of 
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the  canister  may  be  varied  in  material* by  attaching  to  it  different 
substances,  such  as  paper,  metallic  foil,  glass,  porcelain,  &c.  It 
may  be  varied  in  texture  by  rendering  it  rough  or  smooth,  and 
in  colour  by  any  colouring  matter.  In  this  way  the  influence  of 
all  these  physical  conditions  upon  the  radiation  from  the  surface 
may  be,  and  has  been,  ascertained. 

The  results  of  these  experimental  researches  have  been  briefly 
as  follows  : — 

I.  The  rate  at  which  the  radiating  body  loses  or  gains  tem- 
perature, other  things  being  the  same,  is  proportional  to  the 
difference  between  its  own  temperature  and  that  of  the  sur- 
rounding medium,  where  this  difference  is  not  of  very  extreme 
amount. 

II.  The  intensity  of  the  heat  radiated  is,  like  that  of  light, 
other  things  being  the  same,  inversely  as  the  square  of  the 
distance  from  the  centre  of  radiation. 

III.  The  radiating  power  varies  with  the  nature  of  the 
surface,  and  its  degree  of  polish  or  roughness.  In  general,  the 
more  polished  a  surface  is,  the  less  will  be  its  radiation.  What- 
ever tarnishes  or  roughens  the  surface  of  metal,  increases  its 
radiation.  Metallic  are  in  general  less  powerful  radiators  than 
non-metallic  surfaces. 

When  the  rays  of  heat  encounter  any  surface,  they  are  more 
or  less  reflected  from  it.  Surface^,  therefore,  in  relation  to  heat, 
are  perfect  or  imperfect,  good  or  bad  reflectors. 

In  the  experiments  above  described,  the  reflecting  powers  of 
different  surfaces  were  ascertained  by  constructing  the  concave 
reflector  m  of  different  materials,  or  by  coating  its  surface  vari- 
ously, or,  in  tine,  by  submitting  its  surface  to  any  desired 
physical  conditions.  Thus,  when  a  reflector  of  glass  is  sub- 
stituted for  one  of  metal,  the  radiating  surface  of  the  canister 
remaining  the  same,  it  is  found  that  the  effect'  on  the  thermo- 
meter is  diminished.  Glass  is,  therefore,  a  less  perfect  reflector 
than  metal.  If  the  surface  of  the  reflector  be  coated  with  lamp- 
black, no  effect  whatever  is  produced  on  the  thermometer.  Such 
a  surface  does  not,  therefore,  reflect  the  thermal  rays. 

272.  Absorption. — To  determine  the  physical  conditions 
which  affect  the  absorbing  power  of  a  surface  for  heat,  it  is  only 
necessary,  in  the  experiment  above  described,  to  vary  the  surface 
of  the  bulb  /  of  the  differential  thermometer,  which  is  placed  in 
the  focus  of  the  reflector,  for,  as  the  heat  is  radiated  by  c  and 
reflected  by  m,  it  is  absorbed  by/.  By  coating  the  bulb  of  the 
thermometer,  therefore,  with  metallic  foil,  paper,  lampblack, 
and  other  substances,  and  by  rendering  it  in  various  degrees 
rough  and  smooth,  the  effects  of  these  modiflcations  on  the 
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thermometer  are  rendered  manifest,  and  the  comparative  ab- 
sorbing powers  are  ascertained. 

-  In  this  way  it  has  been  ascertained  that  the  same  physical 
conditions  which  increase  the  radiation  and  diminish  the  reflec- 
tion, increase  the  absorption.  The  best  radiators  are  the  most 
powerful  absorbers  and  the  most  imperfect  reflectors. 

In  the  following  table,  the  numbers  in  the  first  column  ex- 
press the  radiating  and  absorbing  powers  of  various  substances, 
that  of  a  surface  covered  with  the  smoke  of  a  lamp  (lampblack) 
being  expressed  by  loo.  The  absorbing  power  of  this  surface  is 
complete.  The  reflecting  power  is  here  given,  as  will  be  observed, 
as  the  complement  of  the  absorbing  power. 


Radiating 

'N^n.TnPs 

and 

Reflecting 

X^  MlXJ^O 

abs-rbing 

Power 

Powers 

Smoke-blackened  surface     .... 

ICO 

0 

Carbonate  of  lead 

ICO 

0 

Writing  paper 

98 

2 

Glass 

90 

10 

China  ink 

85 

15 

Gumlac 

72 

28 

Silver  foil  on  glass 

27 

73 

Cast  iron  polished       ..... 

25 

75 

Mercury  (nearly) 

23 

77 

Wrought  iron  polished        .... 

23 

77 

Zinc,  polished 

19 

81 

Steel         „ 

17 

83 

Platinum,  thick  coat,  imperfectly  polished  . 

24 

76 

„           plate  on  copper  .... 

17 

83 

„          leaves 

17 

83 

Tin    .         .         .         .         .         . 

14 

86 

Metallic  mirrors  a  little  tarnished 

17 

83 

,,       nearly  polished      .... 

14 

86 

Brjiss,  cast,  imperfectly  polished 

II 

89 

,,      hammered         „                 ... 

9 

91 

„             „          highly  polished 

7 

93 

„      cast,                      „             ... 

7 

93 

Copper  coated  on  iron         .... 

7 

93 

„      varnished 

H 

86 

„      hammered  or  cast  .... 

7 

93 

Gold  plating 

5 

95 

Gold  deposited  on  polished  steel 

3 

97 

Silver,  hammered  and  well  polished    . 

3 

97 

Silver,  cast,  and  well  polished    . 

3 

97 
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The  numbers  given  in  this  table,  which  diflfer  considerably 
from  those  originally  determined  by  Leslie  and  others,  have  been 
obtained  by  the  more  recent  elaborate  experimental  researches 
of  MM.  De  la  Provostaye  and  Desains.  In  these  experiments 
an  anomalous  circumstance  was  observed  on  varying  the  angle 
of  incidence  of  the  thermal  rays.  It  was  found  that,  in  the 
case  of  glass,  the  proportion  of  rays  reflected  increased  with 
the  angle  of  incidence,  as  happens  with  luminous  rays,  but 
that  with  polished  metallic  surfaces,  the  same  proportion  was 
reflected  at  all  incidences  up  to  70°,  and  beyond  this  limit  the 
proportion  reflected,  instead  of  increasing,  as  would  have  been 
expected,  was  greatly  diminished. 

273.  Tbermal  equilibrium. — From  all  that  has  been  so  far 
explained  it  will  be  apparent  that  the  state  of  thermal  equi- 
librium is  maintained  among  any  system  of  bodies  by  a  continual 
interchange  of  heat  by  radiation  and  absorption.  The  heat 
which  each  body  receives  from  others  in  its  presence,  it  partly 
absorbs  and  partly  reflects.  Those  rays  which  it  absorbs  tend 
to  raise  its  temperature  ;  and  this  temperature  would  soon  rise 
above  that  which  the  thermal  equilibrium  requires,  but  that  the 
body  radiates  heat  from  all  points  of  its  surface ;  and  the  total 
quantity  thus  radiated  is  equal  to  the  total  quantity  absorbed. 
If  either  of  these  quantities  were  permanently  greater  or  less 
than  the  other,  the  temperature  of  the  body  would  either  in- 
definitely rise,  or  indefinitely  fall,  according  as  the  heat  absorbed 
or  radiated  might  be  in  excess. 

If  a  body,  at  any  given  temperature,  be  placed  among  other 
bodies,  it  will  immediately  affect  them  thermally,  just  as  a  candle 
brought  into  a  room  illuminates  all  bodies  in  its  presence,  with 
this  difference,  however,  that  if  the  candle  be  extinguished,  no 
more  light  is  diffused  by  it ;  but  no  body  can  be  thermally  ex- 
tingnished.  All  bodies,  however  low  be  their  temperature,  con- 
tain heat,  and  therefore  radiate  it. 

If  a  ball  of  ice  be  brought  into  the  presence  of  a  thermo- 
meter, the  thermometer  will  fall ;  and  hence  it  was  erroneously 
inferred  that  the  ice  emitted  rays  of  cold.  The  effect,  however, 
is  a  simple  consequence  of  the  principle  just  explained.  The  ice 
and  the  ba}l  of  the  thermometer  both  radiate  heat,  and  each 
absorbs  more  or  less  of  what  the  other  radiates  towards  it.  But 
the  ice,  being  at  a  lower  temperature  than  the  thermometer, 
radiates  less  than  the  thermometer,  and  therefore  the  thermo- 
meter absorbs  less  than  hhe  ice,  and  consequently  falls. 

If  the  thermometer  placed  in  presence  of  the  ice  had  been  at 
a  lower  temperature  than  the  ice,  it  would,  for  like  reasons,  have. 
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rinen.     The    ice   in   Dmt  ease   wuuld  have  learmed  the    thernu- 

274.  TianamlBiloii  of  baat. — When  the  i«ys  of  lietit  ire 
incident  on  the  Hurface  of   certain  medjft,  thej  penetrate  them 

in  {greater  or  lem  quantity,  according  to  the  nature  and  prapertiM 
of  the  medium,  just  as  rays  of  light  paaa  through  bodies  which 
are  more  or  less  transparent  or  diaphanons. 

Media  which  are  pervious  to  heat  are  said  to  be  diathermauom, 
and  those  which  are  impervious  are  called  athermanoua. 

Bodies  are  diathernianous  in  different  degrees,  or  altogether 
athenuonous,  according  to  their  various  physical  characten, 
their  tliicknens,  the  state  of  their  surface,  the  nature  of  the  heat 
wliich  is  incident  upon  them,  and  other  conditions. 

375.  Mellonl'a  thermosooplo  app«tratn>> — Nearly  all  the 
knowledge  we  possess  in  this  branch  of  the  physics  of  heat  is  the 
result  of  the  recent  researches  of  M.  Melloni.  The  thenno- 
Hcopic  apparatus  contrived  and  applied  with  singular  felicity  and 
success  by  him,  consisted  of  a  thermo-galvanic  pile  acting  upon 
a  highly  sensitive  galvanometer.  It  will  be  explained  hereafter 
that  if  the  thermal  equilibrium  be  disturbed  in  certain  metallic 
combinations,  an  electrio 
current  will  be  produced, 
the  intensity  of  which  will 
be  proportional  to  the 
difference  of  temperature, 
and  that  the  force  of  sudl 
a  current  can  be  mea- 
sured by  the  deyiation  it 
produces  of  a  magnetio 
needle,  round  which  it  is 
conducted  spirally  along 
a  coil  of  metallic  wire 
coated  with  a  nonconduct- 
ing substance. 

The  general  form  and 
arrangement  of  this  ap- 
paratus, and  the  mannier 
of  applying  it  to  thermal 
researches,  are  repre- 
sented in  Jigs.  102,  103, 
Ftg.  los-  104,  and  105. 

Upon  the  stand  fi  is  placed  the  source  of  heat  wliich  issubmitted 
to  experiment.  Those  which  M.  Melloni  selected  were  a  lamp  i, 
with  aooncavB  reflector  ( ;  aspirat  wire  of  platinum  H  (^.  103) 
rendered  incandescent  by  the  flame  of  a  spirit-lamp ;  a  plate  of 
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copper  I  {fig,  104),  blackened. with  smoke,  and  raised  to  the 
temperature  of  nearly  400°  by  a  spirit-lamp ;  and,  in  fine,  a 
cubical  canister  k  {fi^,  105),  similar  to  those  used  by  Leslie. 

On  the  stand  t  was  placed  the  body  a,  through  which  the  rays 
of  heat  were  to  be  transmitted,  and  which  was  formed  into  a 
thin  plate.  An  athermanous  screen  /  was  interposed,  having  in 
it  an  aperture  to  limit  the  pencil  of  rays  transmitted  to  x. 
Another  athermanous  screen  was  placed  at  c,  movable  upon  a 
joint  by  which  the  pencil  proceeding  from  the  lamp  could  be  in- 
tercepted or  transmitted  at  pleasure. 

The  thermo -voltaic  pile  was  placed  at  jp,  having  one  end  pre- 
sented to  the  thermal  pencil,  and  movable  in  a  case  fitting  it, 
in  which  it  was  capable  of  sliding.  Its  poles  p  and  n  were  con- 
nected by  conducting  wires  with  the  galvanometer  p,  the  needle 


Fig.  103. 


Fig.  X04. 


Fig.  los. 


of  which  indicated  by  its  deflection  the  varying  intensity  of  the 
heat  by  which  the  pile  was  afiected. 

276.  Results  of  Melloni's  experiments. — The  series  of  ex- 
periments made  with  this  apparatus  gave  the  remarkable,  and 
in  many  respects  unexpected,  results  which  we  shall  now 
briefly  state. 

The  only  substance  found  to  be  nearly  perfectly  diathermanous 
was  rocksalt.  Plates  of  this  substance  transmit  nearly  all  the 
heat  which  enters  them,  no  matter  from  what  source.  Of  the 
incident  rays  7  7  per  cent,  are  reflected  from  both  surfaces  of 
the  plate,  and  the  whole  of  the  remaining  92*3  per  cent,  are 
transmitted.     There  is  no  sensible  absorption. 

Bodies  in  general  are  less  athermanous  the  higher  the  tem- 
perature of  the  radiator. 

Media  are  not  diathermanous  in  proportion  as  they  are 
transparent.  On  the  contrary,  certain  media  which  are  nearly 
opaque  are  highly  diathermanous,  while  others  which  are  highly 
transparent  are  nearly  athermanous.     Thus,  black  glass  and 

BB 
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than  irhrrii  deaa  azifi  truup-araLi.     I2.  like  icAziaia'.  black  glass 

The  thermal  peccil  U  oijmij«:«ed  of  rajsw  3*>me  of  wliicii 
are  abaorbied.  and  'AheTi  traziamrncd  bv  certain  media.     This 

m 

^ffrtt  is  altogether  anal'Vgoa^  tt>  that  vhich  is  produced  by 
coloared  media  on  light.  .  If  a  pencil  of  a*>Iar  light  be  incident 
npon  red  ^asa.  the  red  raji  alone  will  be  transmitted,  those  of 
the  other  colonrs  being  absorbed ;  bat  if  the  red  light  trans- 
mitted throu]^  inch  a  plate  be  receired  apon  a  second  red  plate, 
there  will  be  no  further  absorption  :  at  least,  so  far  as  depends  on 
the  colour  of  the  h^t.  In  like  manner,  when  a  thermal  pencil 
enters  certain  diathermanous  media,  a  part  of  its  rays  is  inter- 
cepted, another  beii^  transmitted.  If  these  latter  rays  be  re- 
ceived upon  another  plate  of  the  same  diathermanous  substance, 
they  will  pass  freely  through  it  without  further  absorption. 

It  is  therefore  inferred  that  such  a  medium  decomposes  by 
absr^rption  the  thermal  pencil,  in  the  same  manner-as  a  coloured 
transparent  medium  decomposes  by  absorption  a  pencil  of  white 
light.  Tliis  inference  is  confirmed  by  the  fact  that  different  par- 
tially diathennanous  media  absorb  different  constituents  of  the 
thonnal  i>encil.  Thus  we  may  cause  its  entire  absorption  by 
causing  it  successively  to  pass  through  two  media,  each  of  which 
absorbs  the  rays  transmissible  by  the  other. 

This  is  also  analogous  to  the  effects  of  coloured  transparent 
media  U|xm  luminous  pencils.  If  a  pencil  of  solar  light  be  suc- 
coHHivoIy  incident  upon  two  plates,  one  of  red  and  the  other  of 
the  coinpluuientary  tint  of  bluish-green,  it  will  be  wholly  ab- 
HfU'lxul,  the  second  i)late  absorbing  all  the  rays  transmitted  by 
the  firHt. 

The  partial  absorption  produced  by  such  imperfectly 
(liaihoruuinoUH  media  is  not  effected  at  the  surface.  The  ra^^s 
uiti  absorbed  gradually  as  they  pass  through  the  medium.  This, 
howovor,  is  not  continual.  All  absorption  ceases  after  they 
havo  piiMHod  thn>ugh  a  certain  thickness,  and  the  rays  trans- 
uiittod  by  a  plato  of  that  thickness  would,  in  passing  through 
a  HiHH^nd  plato  of  tlie  same  substance,  undergo  no  farther 
Ml^orption. 

lib(!«»  and  nn'k  crystal  are  each  j>artially  diathermanous,  the 
(hvnual  ray8  tnuismittod  and  aW^rlnni,  however,  being  different, 
(fa  thonnal  iH'uoil  i^uis  tlmnigh  a  plato  of  glass  of  a  certain 
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thickness,  a  part  of  the  rays  composing  it  will  be  absorbed.  If 
the  rays  transmitted  be  received  on  another  similar  plate  of  glass, 
they  will  be  all,  or  nearly  all,  transmitted,  no  further  absorption 
taking  place.  But  if  these  rays  thus  transmitted  by  the  glass  b  j 
received  upon  a  plate  of  rock  crystal  of  sufficient  thickness,  a 
portion  of  them  will  be  absorbed.  Now  if  the  glass  and  tho 
rock  crystal  had  each  the  power  of  absorbing  the  rays  trans- 
mitted by  the  other,  their  combination  would  be  absolutely 
athermanous,  just  as  two  plates  of  coloured  glass  would  be  opaque, 
if  each  transmitted  only  the  colours  complementary  to  those 
transmitted  by  the  other. 

277.  Dlatbarmancy. — It  appears  from  the  researches  of 
Melloni  that  the  physical  conditions  which  render  bodies  more 
or  less  diathermanous  have  no  connection  with  those  which  affect 
their  transparency.  Water  is  one  of  the  least  diatherinanous 
substances,  although  its  transparency  is  so  nearly  perfect.  If, 
therefore,  it  be  desired  to  transmit  light  without  heat,  or  with 
greatly  diminished  heat,  it  is  only  necessary  to  let  the  rays  pass 
through  water,  by  which  they  will  be  strained  of  a  great  pai  t 
of  their  heat. 

If  the  quantity  of  radiant  heat  transmitted  through  air  be 
expressed  by  lOD,  the  following  numbers  will  express  the  quan- 
tity transmitted  througTi  an  equal  thickness  of  the  substances 
named  below  . — 


Air 

ICO 

Rape  oil 

Rock  salt  (transparent) . 

92  • 

Tourmaline  (green) 

Flint  glass     .... 

67 

Sulphur'C  ether 

Bisulphide  of  carbon 

63 

Gypsum 

Calcareous  spar  (tran8par«*nt) 

62 

Sulphuric  ari.l 

Rock  crystal .... 

62 

Nit  lie  acid    . 

Topaz,  brown 

57 

Alcohol 

Crown  glass  . 

49 

Alum,  crystals 

Oil  of  turpentine   . 

31 

Water   . 

30 
27 

21 
20 

17 

>5 

15 
12 

II 


It  appears,  therefore,  that  of  all  solid  bodies  rocksalt  is  tl  e 
most  diathermanous,  and  alum  the  least  so.  Of  all  liquidr, 
bisulphide  of  carbon  is  the  most,  and  water  the  leait, 
diathermanous. 

It  is  evident  from  this  table,  that  bodies  are  not  diather- 
manous and  transparent  in  the  same  degree.  fJocksalt  is  less 
transparent  but  more  diathermanous  than  glass. 

It  has  been  found  that  the  power  of  thermal  rays  to  petietrato 
an  imperfectly  diathermanous  body  is  augmented  by  raising  the 
temperature  of  the  ladiator.     This  is  rendered  very  apparent 

in  the  case  of  glass,  which  is  much  more  diathermanous  to  heafc 
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Huh  1 1  •'■***•*•*«  III  |irfti««««tliiv  nicta.     Tho  ^onoral  prin- 

,  If  l>  •  ♦...ulHi»i.,  ilit<  I  hli.ttiiMi.  itttNorptioit,  ivrtootioii,  and 
(I  Ml  mil  II  .  I  ti,  K  w  Imi  It  \\i\\\^  luM'ii  \w\\^  statiHl,  sotve  to 
'  »'♦"♦  »•»  '  iiiii  .11  li  \  uuMii  o\prnmiM)t;tI  t'cwis  aiul  natural 
^>l«i  ««i>iiti  u  I    .!■»  will  .i|«|vju  hA»m  i^)\At  (\^Uo%i:> : 


374    T^E  I ROPAGATION  CF  HEAT,  AND  ITS  NATUBE. 

If  two  concave  parabolic  reflectors,  shown  in^.  io6,  are  so 
placed  that  their  axes  shall  be  in  the  same  direction,  their  con- 
cavities being  presented  one  to  the  other,  any  radiator  of  heat 
placed  in  the  focus  of  either  will  produce  a  corresponding  effect 
upon  a  thermometer  placed  in  the  f'xjua  of  the  other,  the  rays 
of  heat  issuing  from  the  radiating  body  being  twice  reflected  and 
collected  in  the  focus  of  the  second  reflector. 

Let  R  and  r',  Jig  io6,  be  two  such  reflectors.  If  red-hot 
charcoal  be  placed  in  the  focus  F  of  one,  it  will  ignite  amadou  or 
nny  other  easily  inflammable  substance  in  the  other,  even  though 
the  distance  between  the  reflectors  be  twenty  or  thirty  feet. 

If  a  sensitive  thermometer,  such  as  the  differential  Ihermo- 
meter  be  placed  at  f',  it  will  show  an  increase  or  diminution  of 
temperature,  according  as  a  hot  or  cold  body  is  placed  at  p.  •  If 
ji  small  globe  filled  with  hot  water  be  placed  there,  an  increase 
of  temperature  will  be  indicated  ;  and  if  the  globe  be  filled  with 
Fnow  or  with  a  freezing  mixture,  a  decrease  will  be  manifested. 
A  perspective  view  of  the  apparatus  is  given  inj^^.  107,  where,  d 
and  E  are  the  reflectors,  o  the  source  of  heat  placed  in  the  focu-^ 
of  D,  and  F  the  object  affected  by  the  reflected  rays  in  the  focus 
of  E. 

Vessels  intended  to  hold  liquids  and  maintain  them  at  a 
higher  temperature  than  that  of  the  surrounding  medium, 
should  be  constructed  of  materials  which  are  bad  radiatora. 
Thus  tea-urns,  tea-pots,  &c.,  are  best  adapted  for  their  purpose 
when  made  of  polished  metal,  and  worst  when  of  black  porcelain, 
A  tea-kettle  keeps  water  hot  more  eflfectually  if  clean  and  polished, 
ihan  if  covered  with  the  black  of  soot  and  smoke.  Polished 
fire-irons  remain  longer  before  a  hot  fire  without  being  heated 
than  rough  impolished  ones. 

A  polished  stove  is  a  bad  radiator  ;  one  with  a  rough  and 
blackened  surface  a  good  radiator.  The  latter  is  therefore  better 
adapted  for  warming  an  apartment  than  the  former. 

The  helmet  and  cuirass  worn  by  cavalry  is  a  cooler  dress 
than  might  be  imagined,  the  polished  metal  being  a  good  re- 
flector of  heat,  and  throwing  off"  the  solar  rays. 

When  the  external  air,  as  generally  happens,  is  at  a  lower 
temperature  than  the  air  included  in  the  room,  it  will  frequently 
be  observed  that  a  deposition  of  moisture  will  take  place  upon 
the  inner  surface  of  the  panes  of  glass  in  the  windows.  This  is 
produced  by  the  vapour  suspended  in  the  atmosphere  of  the  room 
being  condensed  by  the  cold  surface  of  the  glass.  If  the  ex- 
ternal air  in  this  case  be  at  a  temperatiu:e  below  o^,  the  depo- 
bition  on  the  inner  sulf  ace  of  the  glass  will  be  congealed,  and 
a  rough  coating  of  ice  will  be  exhibited  upon  it. 
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Let  two  small  pieces  of  tinfoil  be  fixed,  one  upon  a  part  of 
the  external  surfaie  of  one  of  the  panes,  and  the  other  upon 
the  internal  surface  of*  another  pane,  in  the  evening  ;  it  will  be 
found  in  the  morning  that  that  part  of  the  internal  surface  of 
the  pane  upon  which  the  foil  is  placed  externally  will  be  nearly 
free  from  ice,  while  the  surface  of  the  internal  foil  will  be  more 
thickly  covered  with  ice  than  the  parts  of  the  inner  surface  of 
the  glass  which  are  not  covered  with  foil.  These  effects  are  easily 
explained  by  radiation.  When  the  tinfoil  is  placed  on  the  ex- 
ternal surface,  it  reflects  the  heat  which  strikes  on  that  surface 
and  protects  that  part  of  the  surface  which  is  covered  from  its 
action.  The  heat  radiated  from  the  objects  in  the  room  striking 
ou  the  inner  surface  of  the  glass  penetrates  it,  and  encountering 
the  foil  attached  to  the  exterior  surface,  is  reflected  by  it  back 
again  through  the  glass,  and  its  transmission  into  the  external 
atmosphere  is  intercepted ;  the  portion  of  glass,  therefore,  op- 
posite to  the  tinfoil,  is  subject  to  the  action  of  the  heat  radiated 
from  the  chamber,  but  protected  from  the  action  of  the  external 
heat.  The  temperature  of  that  part  of  the  glass  is  therefore  less 
depressed  by  the  external  atmosphere  than  the  temperature  of 
those  parts  which  are  not  covered  by  tinfoil.  Now,  glass  being 
a  bad  conductor  of  heat,  the  temperature  of  that  part  opposite  to 
the  external  foil  does  not  immediately  affect  the  remainder  of 
the  pane,  and  consequently  we  find  that,  while  the  remainder 
of  the  interior  surface  -of  the  pane  is  thickly  covered  with  ice, 
the  portion  opposite  the  tinfoil  is  comparatively  free  from  it. 
On  the  contrary,  when  the  fcinfoH  is  applied  on  the  internal  sur- 
face, it  reflects  perfectly  the  heat  radiated  from  the  objects  in 
the  room,  while  it  admits  through  the  dimensions  of  the  glass 
the  heat  proceeding  from  the  external  atmosphere.  The  portion 
of  the  glass,  therefore,  covered  by  the  tinfoil,  becomes  colder 
than  any  other  part  of  the  pane,  and  the  tinfoil  itself  partakes 
of  this  temperature,  which  is  not  raised  by  the  effect  of  the  radia- 
tion from  objects  in  the  room,  because  the  tinfoil  itself  is  a 
good  reflector  and  a  bad  absorber.  Hence  the  tinfoil  presents 
a  colder  surface  to  the  atmosphere  in  the  room  than  any  other 
part  of  the  surface  of  the  pane,  and  consequently  receives  a 
more  abundant  deposition  of  ice. 

280.  Formation  of  Bew. — A  clear  unclouded  sky  in  the 
absence  of  the  sun  radiates  but  little  heat  towards  the  earth  ; 
consequently,  if  good  radiators  be  exposed  to  such  an  aspect, 
they  must  suffer  a  fall  of  temperature,  since  they  lose  more  by 
radiation  than  they  receive. 

Let  a  glass  cup,  for  example,  be  placed  in  a  silver  basin,  and 
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<rz]'''M:'i  duriiii^  a  cfAfl  n'v^hx  to  a  clear  sky,  it  will  be  found  in 
t}j(r  ijj ••nil ic'  Thai  a  ciJ'Ioub  depi.t5iTi<:»n  df  inoiikire  will hmr-e  been 
jji^'if.'  '.'Ji  The  ^'lass.  fn^m  wliich  the  silver  rcsBsel  ifi  perfectly  free. 
J<';\  frz-»iijg  The  exj>eriiueriT.  let  a  bilver  cap  be  placed  in  m  i^mas 
basjii.  aijd  Kiiiiilar  rei<ultB  will  ensae.  the  baein  being  perfectly 
f;'jvered  with  ijini-:TTire.  fn.iui  which  the  alver  cup  is  free.  Tins  is 
easily  explained  :  the  metal,  being  a  bad  radiator  of  beat,  pre- 
HerveK  its  fnuj^erature  :  tlie  glass,  being  a  good  radiator  of  heat, 
]'fii*:^  by  ra^liation  much  more  than  it  receives,  and  consequently 
its  t«ijjj>erature  falls,  and  it  condenses  the  raponr  in  the  air 
around  it. 

'J'he  results  of  experiments  of  this  kind  suggested  to  Dr. 
Wells  his  celebrated  theory,  by  which  he  explained  the  formar 
lion  and  acc^jmpanying  phenomena  of  dew. 

According  Ut  what  has  been  explained,  it  appears  that  thoae 
objects  which  are  g'jod  radiators,  will  when  exposed  to  a  clear  sky 
at  night,  bec^jme  colder  than  the  surrounding  atmosphere,  and  will 
(;onH(;^[uently  ondenKe  the  vapour  suspended  in  the  air  around 
them  ;  vhile  objects  which  are  bad  radiators  will  not  do  this. 
Orass,  foliage,  and  other  products  of  vegetation  are  in  general 
i^fnA  nuliat^iFJ.  The  vegetation,  therefore,  which  covers  tbe  sur- 
face of  the  ground  in  an  open  country  on  a  clear  night  will 
receive  a  deposition  of  moisture  from  the  atmosphere,  while  the 
oVijects  which  are  lens  jierfect  radiators,  such  as  earth,  stones,  &c., 
do  Tiot  in  general  receive  such  depositions.  In  the  close  and 
Kheltered  streets  of  cities  the  deposition  of  dew  is  rarely  ob- 
served, because  there  the  objects  are  ex]x>sed  to  diffused  and 
reciprocal  radiation,  and  an  interchange  of  heat  takes  place 
which  maintains  their  temperature. 

The  effect  of  the  radiation  of  foliage  is  strikingly  manifested 
by  the  following  experiment : — Of  two  thermometers,  if  one  be 
laid  among  leaves  and  grass,  and  the  other  suspended  at  some 
height  above  them,  the  latter  will  be  observed  to  fall  at  night 
many  degrees  below  the  former. 

In  a  cloudy  night  dew  is  not  deposited,  because  in  this  case, 
although  vegetation  radiates  as  perfectly  as  before,  the  clouds 
also  radiate,  since  their  temperature  is  far  higher  than  that  of 
the  planetary  spaces,  and  hence  an  interchange  of  heat  takes 
place  })otween  them  and  the  surface  of  the  earth,  by  which  the 
fall  of  tenjperaturo  producing  dew  is  prevented. 

281.  Artlflclal  ice. — Artificial  ice  is  sometimes  produced  in 
hot  climates  by  the  following  process  : — A  position  is  selected, 
not  exposed  to  the  radiation  of  surrounding  objects,  and  a  quan-^ 
tity  of  diy  straw  is  spread  on  the  ground,  on  which  pans  of 
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porous  earthenware  are  disposed  in  which  the  water  to  be 
cooled  is  placed.  The  water  radiates  heat  into  space,  and  re- 
ceives no  heat  in  return.  The  straw  upon  which  the  vessels  are 
placed  being  a  bad  conductor,  intercepts  the  heat,  which  would 
otherwise  be  imparted  to  the  water  in  the  vessels  from  the  earth. 
The  jjorous  nature  of  the  pans  allowing  a  portion  of  the 
water  to  penetrate  them,  produces  a  rapid  evaporation,  by  which 
a  considerable  quantity  of  the  heat  of  the  water  is  carried  off 
in  a  latent  state  by  the  vapour.  Heat  is  thus  lost  both  by 
evaporation  and  radiation,  and  the  temperature  of  the  water 
in  the  pans  is  diminished  until  it  attains  the  freezing  point.  In 
the  morning  the  water  is  found  frozen,  and  is  collected  and  plaped 
in  cellars  surrounded  with  straw  or  other  bad  conductors,  which 
prevent  its  liquefaction. 

282.  Recent  experiments  and  tbeories. — It  has  aheady 
been  indicated  in  several  preceding  articles  that  heat  is  now 
supposed  to  be  a  kind  of  motion — a  motion  of  the  molecules  of  a 
body,  not  a  motion  of  translation  in  the  ordinary  sense.  Sup- 
pose that  a  Ted-hot  copper  ball  is  suspended  in  the  air  ;  we  see 
it  glow,  the  glow  sinks,  the  ball  becomes  obscure  ;  in  popular 
language  the  ball  cools.  'Bearing  in  mind  the  modern  concep- 
tion of  the  nature  of  heat,  we  must  regard  this  cooling  as  a  loss 
of  molecular  motion.  But  motion  cannot  be  lost,  it  must  be 
transmitted  to  something.  Hence  the  question  must  naturally 
arise,  to  what  the  molecular  motion  is  transferred  in  this  case  i 
Partly  the  motion  is  undoubtedly  transmitted  to  the  air,  which 
surrounds  the  ball,  rises  in  a  heated  column,  and  passes  in  an 
ascending  stream  over  it.  But  it  may  easily  be  shown  that  not 
the  whole,  not  even  the  chief  part,  of  the  molecular  motion  of 
the  ball  is  dissipated  in  this  way.  If  the  ball  were  placed  in  a 
vacuum  it  would  still  cool.  Rumford  suspended  a  small  'ther- 
mometer by  a  single  fibre  of  silk  in  the  middle  of  a  glass  globe 
which  had  been  exhausted  by  mercury  and  represented  the 
perfect  vacuum  of  a  barometer ;  he  found  that  the  calorific  rays 
passed  to  and  fro  across  the  vacuum,  thus  proving  the  transmis-- 
sion  of  heat  to  be  independent  of  air.  Davy  showed  that  the 
heat  rays  from  the  electric  light  pass  freely  through  an  air-pump 
vacuum.  If  the  motion  of  the  molecules  is  not  entirely  nor  in 
gi'eater  part  communicated  to  the  air,  it  must  be  communicated 
to  something  else.  Now,  according  to  the  theory  now  universally 
received,  heat  as  well  as  light  consists  of  a  vibratory  motion  of 
the  molecules  of  the  hot  body.  Further,  a  close  examination  of 
the  phenomena  connected  with  light  and  heat  has  led  to  the 
conclusion  that  all  space  is  occupied  by  a  substance  almost  in- 
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finitely  elastic,  through  which  the  pulses  of  light  and  heat, 
originated  by  the  molecular  vibrations  of  a  luminous  or  hot 
body,  make  their  way.  The  ^-ibrations  of  the  molecules  are  thus 
communicated  to  the  ether  in  which  the  molecules  swing,  and 
are  i»ropagated  in  waves. 

Hence  it  follows  that  when  a  red-hot  ball,  as  in  the  supposition 
stated  previously,  gradually  cools,  the  molecules  of  the  ball 
oscillate  in  a  resisting  medium  on  which  their  motion  is  ex- 
]>endod,  and  which  transmits  it  on  all  sides  with  inconceivable 
velocity.  The  oscillations  competent  to  produce  light  are  soon 
exhausted  ;  the  ball  becomes  dark,  still  its  molecules  continue 
to  oscillate,  and  the  oscillations  continue  to  be  taken  up  by  the 
ether  and  to  be  transmitted  on  all  sides.  The  ball  cools  as  it 
thus  loses  its  molecular  motion,  but  no  cooling  to  which  it  can 
be  practically  subjected  can  entirely  deprive  it  of  its  motion. 
Ill  other  words,  all  bodies,  whatever  may  be  their  temperature, 
are  radiating  heat.  From  every  body  that  exists  in  the  medium 
surrounding  the  cooling  ball  waves  are  speeding  forth,  some  of 
which  strike  upon  the  ball  and  restore  again  a  portioii  of  its  lost 
motion.  But  the  motion  thus  received  by  the  ball  is  far  less 
than  that  which  it  communicates,  and  the  difference  between 
them  expresses  the  loss  of  heat.  As  long  as  this  state  continues 
the  ball  will  continue  to  show  a  falling  temperature  ;  its  tem- 
perature will  sink  until  the  quantity  of  heat  it  emits  is  equal  to 
the  quantity  which  it  receives,  and  at  this  point  its  temperature 
becomes  constant.  Thus,  eveiy  superficial  atom  of  each  mass  is 
sending  foi*th  its  waves,  which  cross  those  that  move  in  the  oppo- 
site direction,  every  wave  asserting  its  own  individuality.  When 
the  sum  of  motion  received  is  greater  than  that  given  out,  warm- 
ingis.the  consequence ;  when  the  sum  of  motion  given  out  is  greater 
than  that  received,  chilling  takes  place.  This  view  of  the  occur- 
rences that  take  place  when  bodies  cool  or  warm  by  radiation  is 
due  to  Prevost,  and  has  been  called  the  theory  of  exchanges, 

283.  Analogies  between  llirbt  and  radiant  lieat.  Rellee- 
tion. — The  thermo-electric  pile  used  in  researches  on  radiation  of 
heat  is  always  provided  with  a  cone  which  is  silvered  inside,  and 
is  intended  to  augment  the  action  of  feeble  radiations,'  by  con- 
verging them  upon  the  face  of  the  thermo-electric  pile,  which 
it  does  by  reflection.  In  articles  271  and  279  some  experi- 
ments were  already  described  which  showed  that  heat  is 
capable  of  being  reflected  like  light  from  suitable  surfaces. 
That  heat  obeys  the  same  laws  in  reflection  which  regulate  the 
reflection  of  light  may  be  shown  by  the  thermo-pile  and  by 
a  variety  of  experimental  arrangements.     Thus,  let  it  be  sup- 
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posed  that  a  min*or  carries  pei'pendicular  to  its  own  plane  a 
straight  bar,  and.  that  the  light  of  an  electric  lamp  is  projected 
in  a  compact  beam  upon  the  mirror,  so  that  the  angle  which  it 
makes  with  the  bar,  the  angle  of  incidence,  may  be  measured 
by  a  suitable  arrangement.  It  will  be  found  that  the  reflected 
beam  takes  such  a  direction  that  the  angle  which  it  makes  with 
the  bar,  the  angle  of  reflection,  is  exactly  equal  to  the  angle  of 
incidence.  This  is  precisely  the  law  as  given  in  the  treatise  on 
Optics  (pages  23  and  24,  arts.  41  and  42),  with  a  description  of 
some  similar  experiments  for  its  demonstration.  Now,  in  order 
to  p.ove  that  radiant  heat  obeys  precisely  the  same  laws  in 
reflection  as  light,  it  is  necessary  to  interpose  a  plate  of  black 
glass,  so  black  that  no  light  whatever  can  pass  through  it,  in  the 
path  of  the  beam  of  light  emitted  by  the  lamp.  The  plate, 
though  opaque  for  the  rays  of  light,  is  to  some  extent  trans- 
parent for  tlie  obscure  heat  rays  which  are  given  out  by  the 
incandescent  carbon  points  of  the  electric  lamp  together  with 
the  hmiinons  rays.  Hence,  although  all  light  is  extinguished 
by  the  plate,  if  now  the  axis  of  the  thermo-pile  be  placed  in  the 
same  line  of  direction  in  which  previously  the  reflected  beam 
of  light  was  sent  forth  by  the  mirror,  the  needle  of  a  gal- 
vanometer, which  was  before  at  0°,  will  swing  immediately 
round  to  90°  ;  when  the  pile  is  moved  to  the  right  or  left  of  the 
direction  of  the  reflected  beam  of  calorific  rays,  the  deflection 
immediately  decreases.  Thus  the  calorific  rays  have  pursued 
the  precise  track  of  the  luminous  rays,  and  for  them  also  the 
angle  of  reflection  is  equal  to  the  angle  of  incidence. 

In  this  experiment  the  heat  is  associated  with  light ;  but  the 
law  can  be  shown  to  hold  good  for  rays  emanating  from  a  truly 
obscure  body.  If  a  warm  copper  ball  be  substituted  for  the 
electric  lamp,  the  reflected  beam  of  heat  rays  will  still  strike  the 
thermo-pile  only  in  a  definite  direction,  which  will  be  in  accord- 
ance with  the  law  of  reflection. 

Calorific  rays,  like  luminous  rays,  proceed  in  straight  lines 
through  space.  Thus,  let  the  hot  copper  ball  which  when  close 
to  the  pile  causes  the  needle  of  the  galvanometer  to  swing  from 
0°  to  93°  be  removed  to  a  distance  from  it  of  several  feet,  where 
it  shows  scarcely  a  sensible  action.  Its  rays  are  transmitted 
into  the  space  all  round,  and  comparatively  few  of  them  reach 
the  pile.  But  if  now  a  tube  of  tin  be  placed  between  pile  and 
ball,  polished  within,  and  therefore  capable  of  reflecting,  the  ball 
being  near  one  open  end  of  the  tube  and  the  pile  near  the 
opposite  end,  then  a  number  of  calorific  rays  will  strike  the 
interior  surface  of  the  tube  obliquely,  will  be  reflected  from  side 
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to  side  of  the  tube,  and  thus  be  enabled  to  reach  the  pile.  The 
consequence  is  that  tlie  needle  whicli  a  moment  ago  showed  no 
sensible  action  will  swing  round  immediately. 

From  curved  surfaces  heat  is  similarly  reflected,  in  accord- 
ance with  the  same  laws  which  determine  the  direction  of 
luminoiLs  rays  reflected  by  cur^^ed  surfaces.  Thus,  let  a  hot 
coi/i»er  ball  l>e  placed  at  some  distance  from  the  pile,  from  which 
the  conical  reflector  has  been  removed,  so  that  the  ball  produces 
no  action  on  the  needle.  If  now  a  concave  mirror,  formed  of 
co])per  coated  with  silver,  be  placed  behind  the  ball  in  a  definite 
position,  the  mirror  will  collect  and  reflect  the  calorific  rays 
emitted  by  the  ball  towards  the  face  of  the  pile,  and  a  deflection 
of  tlie  needle  will  take  place.  On  replacing  the  ball  by  a  lumi- 
nous oliject  -  for  example,  a  lighted  candle — and  the  pile  by  a 
screen,  it  will  be  found  that  the  definite  relative  position  of 
ball,  mirror,  and  x>ile  must  be  exactly  the  same  to  produce  a 
calorific  eflect,  as  the  relative  position  of  candle,  mirror,  and 
screen,  Uj  produce  ui)on  the  latter  a  luminous  effect. 

284.  ]Law  of  diminution  witb  the  distance. — It  has  been 
stated  in  the  treatise  on  Optics  (art.  18,  page  11),  that  the. 
intensity  of  light  which  issues  from  a  luminous  point  diminishes 
in  the  same  proportion  as  the  square  of  the  distance  from  the 
point  increases,  and  that  this  is  a  common  property  of  all  radia- 
tion. Hence  we  may  conclude  that  the  intensity  of  radiant 
heat  diminishes  with  the  distance  in  the  same  manner  as  that 
of  light.  For  heat  rays  the  law  may  be  proved  by  the  following 
experiment : — A  narrow  tin  vessel  has  a  side,  coated  with  lamp-. 
black,  of  a  square  yard  in  area.  The  vessel  is  filled  with  hot 
water,  which  converts  the  large  surface  into  a  source  of  radiant 
hcjit.  A  thermo-pile,  with  its  face  towards  the  radiating  surface, 
and  its  conical  reflector  bearing  inside  a  lining  of  black  paper^ 
so  as  to  shut  ofl"  all  oblique  radiation,  is  now  placed  at  a  certain 
distance  from  the  hot  vessel.  The  needle  of  the  galvanometer. 
will  move,  and  will  point  steadily  to  some  division  on  the  scale 
as  long  as  the  temperature  of  the  radiating  sm-face  remains 
sensibly  constant.  If  now  the  i^ile  be  gi^adually  withdrawn  from 
the  sui-fjice,  it  might  be  expected  that  the  intensity  of.  the  heat 
will  dinjinish  and  that  the  deflection  of  the  galvanometer  will. 
diminish  also  in  a  corresponding  degree.  But  when  the  pile  is 
at  double  the  distance  the  needle  does  not  move,  at  treble  the . 
distance  it  is  still  stationary,  and  we  may  successively  increase 
the  distance  four  times,  five  times,  and  so  on,  without  producing 
any  efl'oct  on  the  needle.  There  is  to  all  appearance  no  diminu- 
tion at  all  of  the  intensity  with  the  increase  of  distance.     From . 
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this  experiment,  however,  although  at  first  sight  it  might  appear 
ill  contradiction  with  the  law  of  propagation  of  heat  above 
enunciated,  Melloni  derived  an  experimental  proof  of  it.  The 
reasoning  from  the  experiment  is  as  follows  : — Let  us  imagine 
the  hollow  cone  in  front  of  the  pile  prolonged  ;  it  would  cut  the 
radiating  surface  in  a  circle,  and  this  circle  is  the  only  portion 
of  that  surface  whose  rays  can  reach  the  pile.  All  the  other 
rays  are  cut  off  by  the  non-reflecting  lining  of  the  cone.  When 
the  pile  is  moved  to  double  the  distance  the  section  of  the  cone 
prolonged  encloses  a  circle  exactly  four  times  the  area  of  the 
former  one  ;  at  treble  the  distance  the  radiating  surface  is 
augmented  nine  times,  and  so  on.  Now,  the  constancy  of  the 
deflection  proves  that  the  augmentation  of  the  surface  must  be 
exactly  neutralised  by  the  diminuticm  of  the  intensity.  But  the 
radiating  surface  augments  as  the  square  of  the  distance,  hence 
the  intensity  of  the  heat  must  diminish  as  the  square  of  the 
distance  ;  and  thus  the  experiment,  which  might  at  first  sight 
appe<ar  fatal  to  the  law,  demonstrates  it  in  the  most  simple  and 
conclusive  manner. 

285.  Differences  in  eniUsive  power. — It  may  be  inferred 
from  the  previously  explained  conceptions  as  to  the  nature  of  that 
mode  of  propagation  of  heat  which  is  called  radiation,  that  the  dis- 
turbance produced  in  the  ether  must  depend  upon  the  character 
of  the  oscillating  molecule.  One  kind  of  molecule  may  be  more 
unwieldy  than  another,  and  a  single  molecule  could  not  be  ex- 
pected to  produce  so  great  a  disturbance  as  a  group  of  molecules 
oscillating  in  combination.  Thus,  when  diflerent  bodies  are 
heated  we  may  expect  that  their  molecules  will  not  all  create 
the  same  amount  of  disturbance  in  the  ether.  Some  will  com- 
municate a  greater  amount  of  motion  than  others  ;  in  other 
words,  some  will  emit  heat  more  copiously  than  others,  for 
emission,  or  radiation,  of  heat,  as  now  conceived,  is  nothing 
else  but  communication  of  motion  from  the  particles  of  a  heated 
body  to  the  ether  in  which  these  particles  are  immersed  and 
through  which  the  motion  is  propagated.  This  is  the  modem 
explanation  of  the  results  on  the  different  emissive  powers  of 
substances,  already  experimented  on  by  Leslie,  afterwards  by 
Melloni,  and  stated  in  the  preceding  articles.  Let  a  Leslie  s 
cube  (see  Art.  271,  jig.  100),  made  of  pewter,  have  one  side 
coated  with  a  layer  of  gold,  another  with  a  layer  of  silver, 
another  with  a  layer  of  copper,  and  the  fourth  coated  with  a 
varnish  of  isinglass.  If  the  cube  be  filled  with  hot  water,  and, 
keeping  it  at  a  constant  distance  from  the  thermo-electric  pile, 
its  four  faces  are  allowed  to  radiate  in  succession  against  the 
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pile,  then  the  following  effects  will  be  seen  :  the  gold  produces 
scarcely  any  deflection ;  the  hot  silver  is  equally  ineffective ;  the 
same  is  the  case  with  copper ;  but  when  the  varnished  surface  is 
turned  towards  the  pile,  so  much  heat  flows  upon  it  that  the 
needle  swings  suddenly  to  its  stops.  Only  one  inference  can  be 
drawn  under  these  circumstances :  through  some  physical  cause 
or  other  the  molecules  of  the  varnish,  when  agitated  by  heat, 
communicate  more  motion  to  the  ether  than  do  the  atoms  of  the 
metals.  In  other  words,  the  varnish  possesses  a  greater  emissive 
power,  or  is  a  better  radiator,  than  the  metals.  Similar  results 
are  obtained  when  hot  water  of  the  same  temperature  is  poured 
into  two  vessels,  one  of  silver,  the  other  of  earthenware,  or  one 
of  pewter,  the  other  of  glass.  The  radiation  from  the  earthen- 
ware and  the  glass  is  most  copious,  while  that  from  the  metal 
vessels  is  insigniflcant.  Everyone  can  satisfy  himself  of  these 
diflerences  in  emissive  power  by  a  very  simple  experiment.  A 
small  tin  pan  is  blackened  on  one  side  by  means  of  a  turpentine 
or  paraffine  flame ;  some  water  is  then  made  to  boil  in  it  and 
tlie  vessel  removed  from  the  flame.  If  now  the  back  of  each 
hand  be  held  about  one  centimetre  from  the  sides  of  the  pan, 
one  hand  opposite  to  the  blackened  side,  and  the  other  to  the 
bright  side,  the  hand  opposite  to  the  blackened  side  will  feel  the 
heat  much  more  than  the  other  hand:  the  blackened  surface 
radiates  much  more  heat  than  the  bright  surface. 

Let  now  one  side  of  the  cube  be  coated  with  whiting,  another 
with  carmine,  a  third  with  lampblack,  and  the  cube,  being  filled 
with  hot  water,  be  first  turned  with  the  black  side  to  the  thermo- 
pile ;  a  considerable  deflection  of  the  needle  will  take  place.  If 
now  the  white  side  be  presented  to  the  pile,  the  needle  remains 
stationary,  proving  that  radiation  from  the  white  side  is  just  as 
copious  as  from  the  black.  When  the  red  surface  is  turned  to- 
Avards  the  pile  still  no  change  takes  place  in  the  position  of  the 
needle,  but  if  the  uncoated  side  is  placed  opposite  to  the  face  of 
the  pile,  being  at  the  same  distance  as  the  other  faces  were  before, 
the  needle  instantly  falls,  proving  that  the  metallic  surface  has 
an  inferior  radiating  power.  If  three  sides  of  the  cube  be 
coated  respectively  with  black,  white,  and  red  velvet,  and  one 
face  be  left  naked,  it  will  be  found  that  the  velvet  surfaces  radiate 
alike,  while  the  naked  surface  radiates  less  than  any  of  them. 
Hence  radiation  from  our  clothes  must  be  independent  of  colour. 

It  may,  of  course,  be  inferred  that  a  vessel  which  pra«"e:its 
outwards  a  surface  of  high  emissive  power  will  cool  more  rapidly 
than  another  with  a  surface  of  less  emissive  power,  both  starting 
at  the  same  temperature. 
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286.  Relation  between  radiation  and  absorption. — Be- 
tween the  power  of  a  body  to  communicate  motion  to  the  ether, 
or  to  radiate,  and  its  power  to  receive  motion  frdm  the  ether,  or 
to  absorb,  there  exists  complete  reciprocity.  Suppose  two  sheets 
of  tin,  one  coated  with  whiting,  the  other  left  uncoated,  to  be 
placed  parallel  to  each  other  at  a  distance  of  about  two  feet 
asunder.  To  the  edge  of  each  sheet  is  soldered  a  screw,  and  into 
each  screw  the  end  of  a  copper  wire  is  fastened,  which  thus 
stretches  from  sheet  to  sheet.  At  the  back  of  each  sheet  is 
soldered  one  end  of  a  little  bar  of  bismuth,  to  the  other  end  of 
which  a  wire  is  fastened.  The  two  free  ends  of  the  two  wires 
lead  to  the  galvanometer,  thus  completing  an  unbroken  circuit, 
in  which  the  galvanometer  is  included.  When  the  warm  finger 
is  placed  on  one  of  the  bars — then  from  the  principles  of  thermo- 
electricity (Electricity,  chap.  xii. ,  page  23 1 ) — we  know  that  an 
electric  current  is  immediately  developed,  which  passes  from  the 
bismuth  to  the  tin,  thence  through  the  i^ire  connecting  the  two 
sheets,  thence  round  the  galvanometer  and  back  to  the  point 
from  which  it  started.  The  needle  of  the  galvanometer  will 
move  through  a  large  arc  in  a  definite  direction ;  if  the  warm, 
finger  be  then  placed  upon  the  bismuth  at  the  back  of  the  other 
plate,  a  large  deflection  in  the  opposite  direction  will  be  ob- 
served. When  the  finger  is  withdrawn  the  junction  cools,  and 
the  needle  moves  to  0°.  Let  now  exactly  midway  between  the 
two  sheets  of  tin  a  heated  copper  ball  be  placed.  The  ball 
will  then  radiate  heat  upon  two  surfaces  equally,  one  of  them  a 
naked  metallic  one,  the  other  coated  with  whiting.  If  both 
surfaces  absorbed  heat  equally — ^that  is,  if  both  surfaces  were 
equally  ready  to  accept  the  motipn  of  the  ethereal  waves — the 
bismuth  junctions  at  the  back  would  be  equally  warmed,  and 
the  electrical  effect  produced  by  warming  one  would  be  pre- 
cisely neutralised,  the  other  being  warmed  also  and  with  equal 
intensity.  But  if  one  surface  be  a  more  powerful  absorber  than 
the  other,  a  deflection  of  the  galvanometer  needle  will  be  the 
consequence,  and  the  direction  of  the  deflection  would  tell  us 
which  is  the  better  heat  absorber ;  in  this  particular  case  it  will 
be  found  that  the  coated  face  is  the  more  powerful  absorber.  If 
in  the  same  way  lampblack  and  varnish  be  compared  with  tin, 
the  two  former  will  be  found  by  far  the  best  absorbers. 

The  reciprocity  between  radiation  and  absorption  has  been 
illustrated  by  Professor  Balfour  Stewart  by  means  of  experi- 
ments of  great  elegance  and  instructiveness.  It  is  known  from 
Melloni's  researches  on  diathermancy  that  rocksalt  is  a  bad 
absorber  of  thermal  rays,  while  glass  and  alum  possess  high 
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absorptive  powers,  the  glass,  however,  in  a  considerably  less 
degree  than  the  alum.   Hence  we  should  expect  that  the  emiasive 
power  of  these  substances  will  be  in  the  same  order  of  position 
as  absorbers.     Experiment   bears   out  this   conclusion.      In  a 
copper  vessel  water  is  kept  in  a  state  of  gentle  ebullition.     On 
the  flat  copper  lid  of  the  vessel  are  laid  plates  of  glass  and  of 
rocksalt,  until  they  assume  the  temperature  of  the  lid.      When 
the  plate  of  heated  rocksalt  is  fixed  upon  a  stand  in  front  of 
the  thermo-electric  pile,  the  deflection  produced  is  so  small  as 
to  be  scarcely  sensible :  rocksalt,  a  bad  absorber,  is  also  a  bad 
radiator  of  thermal  rays.     Let  now  a  plate  of  heated  glass  take 
the  place  of  the  rocksalt :  the  needle  of  the  galvanometer  moves 
through  a  large  arc,  indicating  that  glass,  a  much  better  ab- 
sorber, is  also  a  better  radiator.     Finally,  let    a  plate  of  alum 
be  substituted  for  the  glass.  Alum  cannot  be  heated  to  the  same 
temperatiqre  as  the  glass  or  rock-salt  in  these  experiments,  be- 
cause it  melts  at  a  lower  temperature.     Still,  though  the  alum 
is  thus  less  warm  than  the  glass  used,  the  emissive  power  of  this 
highly  absorptive  substance  is  so  great  even  at  the  lower  tem- 
perature that  the  needle  is  deflected  more  energetically  than  in 
the  case  of  the  glass. 

287.  Blective  absorption. — Bodies  which  are  transparent  to 
light  are  such  because  the  luminous  waves  of  the  ether  which 
excite  light  can  pass  through  them  without  transferring  their  mo- 
tion to  the  atoms.  In  coloured  bodies  certain  waves  are  absorbed, 
while  those  which  give  the  body  its  colour  are  transmitted 
without  absorption.  Through  a  piece  of  blue  glass,  or  through 
a  solution  of  sulphate  of  copper,  the  blue  waves  pass  unimpeded, 
while  the  red  waves  are  absorbed.  Red  glass,  on  the  contrary, 
owes  its  colour  to  the  fact  that  its  substance  can  be  traversed 
freely  by  the  longer  waves  of  red,  while  the  shorter  waves  of  blue 
are  absorbed.  It  follows  that  since  the  blue  liquid  cuts  off  the 
rays  transmitted  by  the  red,  and  the  red  cuts  off  those  trans- 
mitted by  the  blue,  by  combining  both  and  placing  them  in  the 
path  of  the  beam,  perfect  opacity  will  be  produced.  A  solution 
of  permanganate  of  potash  allows  the  red  and  blue  rays  to  pass, 
but  destroys  the  yellow.  Thus,  as  regards  light,  bodies  exercise 
an  elective  power,  singling  out  certain  waves  for  extinction  and 
permitting  others  to  pass  ;  or,  in  accordance  with  present  concep- 
tions, transparency  to  waves  of  one  length  does  not  imply 
transparency  to  waves  of  another  length.  From  this  we  might 
reasonably  conclude  that  transparency  to  light  does  not  neces- 
sarily imply  transparency  to  radiant  heat.  This  conclusion  is 
fully  borne  out  by  experiment.    In  Arts.  276  and  277  results  have 
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already  been  given  which  have  been  derived  by  experiment,  and 
which  prove  that  bodies  like  water  and  alcohol,  which  are  trans- 
parent to  Imninous  waves,  are  almost  opaque  to  calorific  rays. 
Bisulphide  of  carbon  is  transparent  to  light  and  heat.  Among 
solid  bodies,  rock-salt  and  glass,  both  transparent  for  light,  differ 
considerably  in  their  transparency  for  heat,  the  rocksalt  being 
highly  diathermanous,  wliile  glass  is  practically  rather  opaque  to 
heat  rays.  The  following  table  gives  a  more  complete  statement 
of  Melloni's  results  on  the  diathermancy  of  bodies  than  that 
given  in  Art.  277.  The  substances  used  were  all  reduced  to  a 
tliickness  of  one-tenth  of  an  inch  (2  '6  milimetres) : — 


-, 


Tranpmlaaion 

Name  of  Substance 

(percentage  of  total  radiation) 

From 

Fr«->m 

From 

From 

Locatelli's 

Incandescent 

Copper 

Copjjer 

lAinp 

Platinum 

at  100'^. 

at  400°. 

Rock  salt . 

92-3 

92*3 

92-3 

923 

Sicilian  sulphur 

74 

77 

60 

54-0 

Fluor  spar 

72 

69 

42 

33 

Beryl 

54 

23 

13 

0 

Iceland  spar 

39 

28 

6 

0 

Glass 

39 

27 

6 

0 

Rock  crystal  (clear)  . 

38 

28 

6 

3 

Smoky  quartz  . 

2>7 

28 

6 

3 

Chromate  of  potash^ 

34 

28 

^5 

0 

White  topaz 

33 

24 

4 

0 

Carbonate  of  lead 

32 

23 

4 

0 

Sulphate  of  baryta    . 

24 

18 

3 

0 

Felspar     . 

23 

19 

6 

0 

Ametliyst  (violet)     . 

21 

9 

2 

0 

Artificial  amber 

21 

5 

0 

0 

Borate  of  soda . 

18 

12 

8 

0 

Tourmaline        (deep 

green)  . 

18 

16 

3 

0 

Common  gum  . 

18 

'       3 

0 

0 

Selenite    . 

H 

5 

0 

0 

Citric  acid 

II 

2 

0 

0 

Tartrate  of  potash     . 

II 

3 

0 

0 

Natural  amber 

II 

5 

0 

0 

Alum 

9 

2 

0 

0 

Sugar  candy      , 

8 

I 

0 

0 

Ice   .... 

6 

0-5 

0 

0 

G  C 


386    THE  PROPAGATION  OF  HEAT,  AND  ITS  NATURE. 

This  table  does  not  only  show  that  bodies  differ  in  their 
transmissive  power  for  heat,  but  also  that,  with  the  exception  of 
rocksalt,  the  diathermancy  of  the  bodies  mentioned  varies  with 
the  source  of  heat,  in  other  words,  with  the  quality  of  heat. 
Thus  glass  permits  39  per  cent,  of  the  rays  of  Locatelli's  lamp  to 
pass,  and  24  per  cent,  of  the  rays  from  incandescent  platitium,  but 
transmits  only  6  per  cent,  of  the  rays  from  a  source  of  400°,  and 
is  absolutely  opaque  to  all  rays  emitted  from  a  source  of  100°  0. 
For  the  explanation  of  these  facts  it  must  be  considered  that 
luminous  rays  are  also  calorific,  but  that  the  former — that  is,  the 
luminous  thermal  rays — have  a  shorter  wave-length  than  the 
latter,  the  obscure  thermal  rays  ;  and  further  that  rays  of  dif- 
ferent wave-lengths  are  also  differently  absorbed  by  bodies. 

Clear  ice,  so  highly  transparent  to  light,  transmits  only  6  per 
cent,  of  the  rays  of  the  lamp,  only  0*5  per  cent,  of  the  rays  from 
incandescent  platinum,  and  cuts  off  all  rays  from  the  two  other 
sources.  This  indicates  the  fact,  that  by  far  the  greater  portion 
of  the  rays  from  Locatelli's  lamp  are  obscure.  Since  luminoiis 
rays  pass  through  a  slice  of  ice  like  that  used  in  these  experi- 
ments without  sensible  absorption,  and  94  per  cent,  of  the  rays 
from  this  source  are  absorbed  by  ice,  this  proportion  must  con- 
sist of  obscure  rays,  for  all  obscure  rays  are  totally  absorbed  by 
ice.  Clear  and  smoky  quartz  are  striking  instances  of  differences 
between  the  transmissive  power  of  substances  for  luminous  and 
thermal  rays.  One  kind  is  pellucid,  the  other  dark  brown ;  they 
differ  strongly  in  the  transmission  of  luminous  rays,  but,  as  seen 
from  the  table,  their  degree  of  diathermancy,  although  different 
for  every  source,  is  almost  the  same  for  each  quality  of  heat. 

Rocksalt  was  considered  at  first  to  be  perfectly  diatherma^ 
nous,  the  7  7  per  cent,  not  transmitted  being  reflected  by  the  two 
surfaces  of  the  plate  used.  MM.  de  la  Provostaye  and  Desains 
have,  however,  proved  by  accurate  experiments  that  this  sub- 
stance is  in  reality  not  equally  diathermanous  for  heat  of 
different  kinds,  but  that  its  diathermancy  varies  in  some  degree 
when  the  source  of  heat  varies.  Professor  Balfour  Stewart  found 
that  rocksalt  is  athermanous  for  rays  issuing  from  a  heated 
piece  of  the  same  substance,  a  discovery  of  the  highest  import- 
ance, as  will  be  seen  further  on. 

288.  Diatbertnanoy  of  liquids. — ^Melloni  has  also  investi- 
gated the  calorific  transmission  of  the  liquids  which  are  enume- 
rated in  the  following  table.  The  source  of  heat  was  an  argand 
lamp,  furnished  with  a  glass  chimney,  and  ^he  liquids  were 
enclosed  in  a  cell  with  glass  sides,  the  thickness  of  the  liquid 
layer  being  9*21  millimetres,  or  0*36  of  an  inch.     The  same 
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differences  amongst  liquids  appear  to  exist,  as  regards  their 
diathermancy,  as  is  observed  amongst  solids,  and  water  shows 
itself  nearly  as  opaque  in  the  liquid  state  as  in  the  solid, 


as  ice. 

TranRmi^gion 

Name  of  Liquid                                                        (pcrc<*utaf?e  of  toUl 

radiation) 

Bisulphide  of  carbon 63 

Bisulphide  of  sulphur    . 

63 

Protochloride  of  phosphorus  . 

, 

62 

Essence  of  turpentine    . 

•     31 

Olive-oil         .... 

.     30 

Naphtha 

.     28 

Essence  of  lavender 

.     26 

Sulphuric  ether      .... 

21 

Sulphuric  acid        .... 

.     17 

Hydrate  of  ammonia 

.     15 

Nitric  acid 

.     15 

Absolute  alcohol    .... 

.     15 

Hydrate  of  potash 

.     13 

Acetic  acid     .... 

.     12 

Pyroligneous  acid  .... 

.       f2 

Concentrated  solution  of  sugar 

.       12 

Solution  of  rocksalt 

.       12 

White  of  egg .... 

II 

Distilled  water 

.       II 

289.  •  Znfluenoe  of  tbickness. — When  distilled  water  is  con- 
tained in  a  drinking-glass  it  has  no  colour,  but  a  sufficiently 
thick  layer  of  water  exhibits  a  decided  colour.  To  exliibit  the 
colour  a  tube,  fifteen  feet  long,  is  placed  in  a  horizontal  posi- 
tion, its  ends  being  stopped  by  pieces  of  plate-glass.  At  one 
end  of  the  tube  may  be  placed  a  strong  light,  like  that  of  the 
electric  lamp,  sending  a  cylinder  of  light  through  the  tube.  The 
tube  is  half-filled  with  water,  the  upper  surface  of  which 
divides  the  tube  into  two  equal  parts ;  thus  half  the  beam  is 
sent  through  air  and  half  through  water,  and  with  a  lens  a 
magnified  image  of  the  adjacent  end  of  the  tube  is  thrown  upon 
a  screen.  The  image  consists  of  two  semicircles,  one  of  which  is 
formed  by  the  light  which  has  passed  through  the  water,  the 
other  by  the  light  which  has  passed  through  the  air.  Placed 
thus  side  by  side  we  can  compare  them,  and  we  shall  find  that 
the  air  semicircle  is  a  pure  white,  the  water  semicircle  is  a  bright 
and  delicate  blue-green.  Thus,  by  augmenting  the  thickness 
through  which  the  light  has  to  pass,  we  deepen  the  colour. 

CC3 
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It  appears  from  this  that  absorption  takes  places  withm  the 
al)Sorbing  body ;  it  is  not  an  effect  of  surface  merely — ^a  certain 
thickness  is  requisite  to  effect  the  absorption. 

That  the  same  principle  holds  good  for  radiant  heat  has  also 
been  shown  by  Melloni.  He  used  in  his  experiments  with  sohd 
bodies  plates  of  a  thickness  of  2  *6  millimetres,  as  already  stated. 
When  the  plates  were  made  thinner  a  greater  quantity  of  heat 
Avas  transmitted,  and  we  may  render  a  highly  absorptive  sub- 
stance as  diathenuanous  as  rocksalt  by  making  the  plate 
8utticiently  thin.  The  following  table  gives  results  on  the  in- 
fluence of  thickness  obtained  by  using  a  plate  of  glass  : — 


Thickness  of  plates 

TransmiRs'on 
(percentage  of  total  radiation) 

From 

Loctttelli's 

Lamp 

From 

Incandescent 

Platinnm 

From 

Copper  at 

400°  C. 

From 

Ck>pper  at 

ioo°C. 

MillimctPGS 

2-6 
0-4 
0-07 

39 
54 
77 

24 

37 
57 

6 

12 

34 

O 

I 

12 

These  results  show  that  there  is  a  considerable  increase  in 
the  percentage  of  transmitted  rays  if  the  plates  are  taken  as 
thin  as  0*07  millimetres,  and  that  such  plates  will  transmit  12 
per  cent,  of  the  rays  from  a  source  for  which  they  are  totally 
opaque,  if  even  only  as  thin  as  a  little  more  than  half  a  milli- 
metre. With  selenite  the  following  results  on  the  influence  of 
thickness  were  obtained : — 


Transmission 

(percentage  of  total  radiation) 

Thickness  of  plates 

From 

From 

From 

From 

Locatelli's 

Incandescent 

Copper  at 

Copper  at 

Lamp 

Platinum 

400°  C. 

100°  C. 

Millimetres 

2*6 

14 

5 

0 

0 

0-4 

38 

18 

7 

0 

CO  I 

64 

51 

32 

21 

These  experiments  add  evidence  for  the  fact  that  absorption 
of  heat  takes  place  within  the  body,  and  is  not  a  surface 
action. 
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290.  Quality  of  beat. — The  solar  spectrum  is,  as  has  been 
stated  already,  luminous  in  the  centre,  calorific  at  the  red  end, 
and  chemical  at  the  opposite  end.  Most  other  sources  of  heat 
are  similarly  a  heterogeneous  assemblage  of  rays,  and  in  general 
when  such  mixed  rays  enter  a  diathermic  substance  some  are 
intercepted,  others  permitted  to  pass.  If  now  a  collection  of 
calorific  rays,  which  have  already  passed  through  a  diather- 
manous  plate,  is  permitted  to  fall  upon  a  second  plate  of  the 
same  material,  the  second  plate  must  be  more  diathermanous  to 
the  transmitted  rays  of  the  first  than  the  first  plate  was  to  the 
original  collection  of  rays.  The  first  plate,  if  sufficiently  thick, 
has  already  extinguished,  in  great  part,  the  rays  which  the  sub- 
stance is  capable  of  absorbing,  and  the  residual  rays  pass  there- 
fore freely  through  a  second  plate  of  the  same  substance.  The 
first  plate  has  in  this  case  actually  sifted  the  original  beam,  and 
hence  the  sifted  beam  possesses  as  regards  the  second  plate  a 
much  higher  penetrative  power.  The  heat  after  being  trans- 
mitted by  the  first  plate  differs  from  the  heat  before  transmis- 
sion and  consequent  sifting,  and  this  difference  is  termed  a 
difference  of  quality  of  heat.  From  the  beam  as  a  whole 
certain  components  have  been  withdrawn,  and  hence  the  pro- 
portion of  the  incident  heat  upon  the  second  plate  to  that 
transmitted  is  different  to  the  proportion  of  the  incident  and 
transmitted  heat  taken  with  reference  to  the  first  plate.  Thus, 
if  in  the  path  of  the  beam  from  a  lamp  plates  of  rocksalt,  alum^ 
bichromate  of  potash,  and  selenite  be  successively  placed,  each 
plate  2  '6  millimetres  in  thickness,  let  the  heat  emergent  from 
these  respective  plates  f^l  upon  a  second  series  of  the  same 
thickness  ;  out  of  every  hundred  units  of  thig  heat  the  following 
proportions  are  transmitted  : — 

Rock  salt 92-3 

Alum 90 

Chromate  of  potash        .         .        .        .71 
Selenite  ...•.*     91 

We  thus  see  considerable  differences,  if  these  results  are 
compared  with  Melloni's  table  of  diathermancy.  Chromate  of 
potash  transmits  34  per  cent,  of  the  original  beam  from  a 
Locatelli's  lamp,  and  71  of  the  sifted  ;  selenite  transmits  only 
14  per  cent,  of  the  original  beam,  but  of  the  beam  which  has 
been  sifted  by  itself  it  transmits  as  much  as  91  per  cent.  It  is 
similar  with  alum.  But  in  rocksalt  the  transmissions  are  the 
same,  an  obvious  consequence  of  the  thermal  transparency  of 
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the  substance  for  rays  of  all  those  qualities   which  have  been 
employed  in  these  experiments. 

A  very  striking  experiment  to  illustrate  the  effect  of  sifting 
is  due  to  Professor  Tyndall.  A  differential  thermometer,  with 
clean  glass  bulbs,  so  sensitive  that  the  slightest  touch  of  the 
hand  causes  a  depression  of  the  thermometric  column,  is  so 
placed  that  by  means  of  a  lens  the  powerful  beam  of  an  elec- 
tric lamp  may  be  brought  to  convergence  upon  one  of  the  bulbs, 
which  is  exactly  in  the  focus  of  the  lens.  The  air  in  the  bulb 
is  thus  traversed  by  a  beam  of  intense  power,  and  we  should 
expect  an  immediate  depression  of  the  thermometric  column  in 
consequence  of  the  expansion  of  air  by  heat.  Nothing,  however, 
happens — not  the  slightest  depression  is  discernible.  The  reason 
is  that  the  beam  before  it  reaches  the  bulb  is  already  sifted  by 
the  glass  lens  used  to  concentrate  it,  and  having  passed  through 
air  before  it  reaches  the  bulb,  nothing  is  left  in  it  which  can  be 
sensibly  absorbed  by  the  air  within  the  bulb.  Hence  the  hot 
beam  passes  through  both  air  and  glass  without  warming  either. 
But  if  the  bulb  is  now  covered  with  lampblack  heat  is  absorbed, 
the  air  expands,  and  the  thermometric  column  is  rapidly  de- 
pressed. 

291.  Absorption  by  graseous  matter. — Professor  TyndaU 
has  in  recent  years  much  enriched  physical  science  by  most 
elaborate  and  long-continued  researches  on  the  behaviour  of 
gases  and  vapours  with  reference  to  heat  rays,  researches  which 
have  led  to  results  of  the  highest  importance,  of  which  only  an 
outline  can  be  given  here. 

In  gaseous  bodies  the  intermolecular  spaces  are  so  greatly 
augmented,  and  the  molecules  are  so  free  from  mutual  inter- 
action and  consequent  entanglement,  that  we  should  be  justi- 
fied in  concluding  that  gases  and  vapours  furnish  a  perfectly  open 
door  for  the  passagd  of  th'e  calorific  waves.  This  has  until  quite 
recently  been  the  "universal  belief ;  and  as  experiments  on 
atmospheric  air  led  to  the  conclusion  that  there  was  no  evi- 
dence of  absorptioii,  th6  opinion  appeared  to  be  verified  by 
experiment. 

Professor  Tyndall's  apparatus  consisted  essentially  of  a 
hollow  cylinder,  about  four  feet  in  length  and  two  and  a  half 
inches  in  diameter,  placed  in  a  horizontal  position,  and  capable 
of  being  exhausted  of,  or  filled  with,  various  gases  and  vapours 
by  tubes  in  the  side  of  the  cylinder.  The  two  ends  could  be 
closed  by  rofeksalt  plates.  The  source  of  heat  could  be  placed 
opposite  to  one  end,  while  opposite  to  the  other  the  thermopile 
and  galvanometer  were  erected.    Behind  the  thermopile  a  second 
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source  of  heat  was  placed,  which  acted  as  compenBator,  and  en- 
abled the  experimenter  to  use  a  powerful  flow  of  heat  and  at 
the  same  time  to  discover  small  yanations  in  the  quantity  of 
heat  that  fell  upon  the  pile. 

Dry  air  was  found  to  be  incompetent  to  stop  a  single  calo- 
rific wave ;  it  is  practically  a  vacuum  as  regards  rays  of  heat. 
Oxygen,  hydrogen,  and  nitrogen,  when  carefully  purified,  ex- 
hibit the  action  of  atmospheric  air,  and  this  is  precisely  what 
was  supposed  to  be  the  deportment  of  all  gaseous  matter  before 
Professor  Tyndall's  researches.  But  it  was  soon  found  that 
olefiant  gas,  for  which  common  coal-gas  might  also  be  substituted, 
intercepts  heat  like  an  opaque  body.  Various  other  gases  were 
found  to  show  no  diflferent  behaviour,  but  to  absorb  large  quan- 
tities of  calorific  rays,  as  shown  in  the  following  table,  in  which 
the  absorption  is  referred  to  air  as  unity; — 


Name  of  Gas. 


Absorption  at  30  incLes 
pressure 


Air 

(Oxygen 
Nitrogen 
Hydrogen 
Chlorine 
Hydrochloric  acid  gas 
Carbonic  oxide 
Carbonic  anhydride 
Nitrous  oxide 
Sulphide  of  hydrogen 
Marsh  gas    . 
Sulphurous  anhydride 
Olefiant  gas . 
Ammonia 


I 
I 

39 
62 

90 

90 

355 

390 

403 
710 

970 

1 195 


The  most  powerful  tests  applied  did  not  disclose  a  difference 
between  oxygen,  hydrogen,  nitrogen,  and  air.  The  more  per- 
fectly these  gases  are  purified  the  more  closely  does  their  action 
approach  to  that  of  a  vacuum. 

If,  instead  of  comparing  the  gases  at  a  common  pressure  of 
the  atmosphere,  they  are  compared  at  a  common  pressure  of  an 
inch,  we  find  the  following  comparative  effects  : — 

Relative  absorption  at 
Name  of  gas  i  inch  pressure 

Air I 

Oxygen         . i 

Nitrogen      .......         i 

Hydrogen .1 
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Name  of  gas 

Chlorine 
Bromine 
Carbonic  oxide 
Carbonic  anhydride 
Hydrobromic  acid  gas 
Nitric  oxide 
Nitrous  oxide 
Sulphide  of  hydrogen 
Ammonia 
Olefiant  gas 
Sulphurous  anhydride 


Belative  absorption  at 
I  inch  pressure 


60 
160 
750 
972 

icx>5 
1590 
i860 

2ICX> 
5460 
6030 
6480 


Thus  for  every  ray  intercepted  by  air,  oxygen,  hydrogen,  or 
nitrogen,  ammonia  intercepts  5460,  olefiant  gas  6030,  while  sul- 
phurous anhydride  destroys  6480.  Thus  these  experiments  dis- 
close extraordinary  difierences  in  the  constitution  and  character 
of  the  molecules  of  various  gases. 

292.  Action  of  vapours^ — If  flasks  containing  liquids,  puri- 
fied from  air,  be  attached  to  the  experimental  tube,  the  beha- 
viour of  vapours  of  various  liquids  can  be  investigated.  The 
results  are  given  in  the  following  table  for  a  pressure  of  o"i, 
o*5,  and  i  inch  : — 


Absorption  at  the  pressure 

Name  of  Vapour 

o*i  inch 

o'5  inch 

x'o  inch 

Bisulphide  of  carbon 

^5 

47 

62 

Iodide  of  methyl     . 

35 

147 

242 

Benzole  . 

66 

182 

267 

Chloroform 

85 

182 

236 

Methylic  alcohol 

109 

390 

590 

Amylene 

182 

535 

823 

Sulphuric  ether 

300 

710 

870 

Alcohol  . 

325 

622 

Formic  ether  . 

480 

870 

1075 

Acetic  ether    . 

590 

980 

1 195 

Propionate  of  ethyl 

596 

970 

Boracic  ether  . 

620 

These  numbers  refer  to  the  absorption  of  a  whole  atmosphere 
of  dry  air  as  their  unit;  that  is  to  say,  bisulphide  of  carbon 
vapour  at  i-ioth  of  an  inch  pressure  absorbs  15  times  more 
than  the  atmospheric  air  at  a  pressure  of  30  inches.  The  va- 
pour of  boracic  ether,  at  i-iothof  an  inch  pressure,  produces  620 
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times  the  effect  tliat  is  produced  by  air  at  30  inches  pressure, 
and  so  on.  Comparing  air  and  boracic  ether  vapour  at  the  same 
pressures,  the  absorption  of  the  latter  is  probably  more  than 
180,000  times  that  of  the  former. 

293.  Action  of  perftunes. — Of  high  interest  is  the  absorp- 
tive action  of  scents  and  effluvia.  To  experiment  upon  them  a 
number  of  small  and  equal  squares  of  bibulous  paper  are  rolled 
up  so  as  to  form  little  cylinders,  each  about  two  inches  in 
length.  Each  paper  cylinder  is  then  moistened  by  dipping  one 
end  of  it  into  an  aromatic  oil ;  the  oil  creeps  by  capillary  attrac- 
tion through  the  paper  until  the  whole  of  the  roll  becomes  moist. 
The  roll  is  introduced  into  a  glass  tube  of  a  diameter  which 
enables  the  paper  cylinder  to  fill  it  without  being  squeezed  ;  the 
tube  containing  the  paper  is  connected  with  the  experimental 
tube,  dry  air  is  caused  to  pass  through  it,  and  the  air  takes  up 
the  perfume  of  the  aromatic  oil  and  carries  it  forward  into  the 
experimental  tube. 

Taking  the  absorption  of  one  atmosphere  of  dry  air  to  be  unity, 
the  following  table  gives  a  condensed  view  of  the  results : — 

Name  of  Perfume.  Absorption. 

Patchouli       .......  30 

Sandal  wood 32 

Geranium       . 33 

OU  of  cloves  .......  34 

Otto  of  roses 2>7 

Bergamot       .......  44 

Neroli 47 

Lavender       .......  60 

Lemon  ........  65 

Portugal 67 

Thyme 68 

Rosemary       .......  74 

Oil  of  laurel 80 

Camomile  flowers 87 

Cassia 109 

Spikenard 355 

Aniseed 372 

In  addition  experiments   were  made  on  aromatic  herbs, 
with  the  following  result : — 

Herbs.  Absorption. 

Thyme 33 

Peppermint 34 

Spearmint  .......  38 

Lavender  .......  32 

Wormwood  .......  41 

Cinnamon 53 
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294.  AlMMTFtftMi  9t  aqac—  ▼ap«Br« — ^The  mortin^Mvtiiit 

results  obtaincTd  bj  Professor  Tyndall  refer  to  the  abaoEption 
<A  a/jueous  Tajxnir.  \llien  the  experimental  tube  is  filled  with 
I>&rfectly  dry  air  the  absorption  exercised  by  it  is  taken  as  cme 
unit.  If  now  the  tube  is  exhausted,  and  air  allowed  to  enter 
from  the  laboratory,  not  specially  moist,  the  absorption  rises  to 
72  iinito,  a  difference  which  must  be  due  to  the  aqneons  Yapoor 
in  the  air.  Analogous  results  were  obtained  on  di£Eerent  days, 
and  with  Kpecimens  of  air  taken  from  different  localities.  Dry 
air  passed  through  a  tube  filled  with  fragments  of  moistened 
glass  and  examined  gave,  after  reception  of  the  vapour,  an  ab- 
sr^rption  90  times  that  of  pure  air. 

These  results  are  of  great  importance  to  meteorological 
science.  That  10  per  cent,  of  the  entire  terrestrial  radiation  is 
al>Horbed  by  the  aqueous  vapour  which  exists  within  ten  feet 
of  the  earth's  surface  on  a  day  of  average  humidity  is  a  moderate 
estimate.  In  warm  weather  and  air  approaching  to  saturation 
the  absorj^)tion  would  probably  be  considered  greater.  This 
single  fact  at  once  prov^es  the  importance  of  the  action  of  vapour 
on  radiant  heat  as  regards  meteorology.  Vapour  which  absorbs 
heat  so  greedily  must  radiate  it  copiously.  This  fact  must  come 
powerfully  into  play  in  the  tropical  regions  of  calms,  where 
enormous  quantities  of  vapour  are  raised  by  the  sea,  and  dis- 
charged in  torrents  upon  the  earth.  These  have  been  assigned 
U)  the  chilling  consequent  on  the  rarefaction  of  the  ascending 
air.  i3ut  if  we  consider  the  amount  of  heat  liberated  in  the 
formation  of  those  falling  torrents,  the  chilling  due  to  rarefaction 
will  hardly  account  for  the  entire  precipitation.  The  substance 
([uits  the  earth  as  vapour,  it  returns  to  it  as  water ;  hence  the 
(|ueBtion  arises,  how  has  the  latent  heat  of  the  vapour  been 
(liHpoHcd  of  ?  It  is  a  fair  inference,  drawn  by  Professor  Tyndall, 
that  it  has  in  great  part  been  radiated  into  space.  But  the 
radiation  which  disposes  of  such  enormous  quantities  of  heat 
subse(juont  to  condensation  is  competent,  in  some  measure  at 
least,  to  dispose  of  the  heat  possessed  prior  to  condensation, 
and  must,  therefore,  hasten  the  return  of  condensation  itself. 
Acpicous  vapour  is  a  powerful  radiant,  but  it  is  an  equally  power- 
ful absorbent,  and  its  absorbent  power  is  at  a  maximum  when  the 
body  which  radiates  into  it  is  vapour  like  itself.  Hence  when 
the  vapour  first  quits  the  equatorial  ocean  and  ascends  it  finds 
for  a  time  above  it  a  screen  of  its  own  substance,  into  which  it 
passes  its  heat,  and  by  which  that  heat  is  intercepted  and  re- 
turned. O«)ndonsation  in  the  lower  regions  of  the  atmosphere  is 
thereby  prevented.     But  as  the  mist  ascends  it  passes  through 
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successive  vapour-strata  until  finally  the  ascending  body  of  va- 
pour finds  itself  lifted  above  the  screen  which  for  a  time  pro- 
tected it.  It  now  radiates  freely  into  space,  and  condensation  is 
the  consequence. 

This  is  only  one  instance  how  the  knowledge  of  the  absorp- 
tive power  of  vapour  may  solve  many  difficulties  in  meteorology, 
and  how  many  familiar  effects  may  have  a  novel  interest  attached 
to  them,  by  recognising  their  connexion  with  the  action  of 
vapour  on  radiant  heat. 

295.  Summary  of  tbe  preoedingr  phenomena  of  radiant 
beat. — I.  Emission. — Each  body  radiates  at  each  temperature 
heat,  and  receives  heat  at  each  temperature ;  if  more  is  received 
than  radiated,  the  temperature  rises,  and  mce  versd  ;  if  as  much 
is  radiated  as  received,  the  temperature  remains  constant,  and 
we  have  Prevost's  moveahU  equilibrium. 

The  vibrating  molecules  act  upon  the  ether,  and  the  vibrating 
ether  upon  the  molecules  ;  hence  a  continual  exchange  of  move- 
ments, which  leads  to  the  moveable  equilibrium.  That  bodies 
emit  heat  at  every  temperature  is  shown  thus  :  A  thermometer 
at  an  ordinary  temperature  placed  near  ice  at  — 5°  falls,  because 
it  radiates  more  heat  than  it  receives  ;  but  if  placed  in  a  room 
at—  10°  it  will  lise  if  a  piece  of  ice  at  — 5°  is  brought  near  it, 
because  it  receives  more  heat  from  it  than  it  radiates.  Similarly, 
the  needle  of  a  galvanometer  is  deflected  in  one  direction  by  a 
colder,  in  the  other  direction  by  a  warmer  body,  if  the  instru- 
ment had  in  each  case  its  needle  at  zero.  As  another  example, 
the  radiation  of  the  soil  in  hot  countries  into  space  produces  a 
very  considerable  cooling  of  the  surface. 

In  general  the  term  emission  is  applied  to  the  case  when  a 
body  radiates  more  than  it  receives. 

Absorption,  again,  denotes  the  case  when  more  heat  is  re- 
ceived than  radiated.  In  this  sense,  emission  takes  place  when 
the  body  has  a  higher  temperature  than  surrounding  objects, 
absorption  when  the  conditions  are  the  reverse.  That  absorp- 
tion is  equal  to  the  emission  at  the  same  temperature,  other 
circumstances  being  the  same,  follows  at  once  from  Prevost's 
theory  of  exchange,  and  the  moveable  equilibrium.  It  is  in 
fact  only  a  special  case  of  Kirchhoflf 's  law  of  absorption  of  h'ght, 
which  may  be  thus  enunciated  :  The  absorptive  power  of  every 
substance  for  rays  of  a  definite  wave-length  is  equal  to  its 
emissive  power  for  rays  of  the  same  wave-length.  As  regards 
light,  an  immediate  consequence  of  this  law  is  that  a  non-lumi- 
nous, or  faintly  luminous,  body  absorbs  the  same  colour  which 
it  emits  when  in  a  self-luminous  state.     This  fact  had  been 
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experimentally  determined  long  before  Kirchhoff's  enunciation 
of  the  general  law,  by  Professor  Balfoii/r  Stewart.  The  experi- 
ment described  in  Art.  287  is  one  of  those  made  by  this  dis- 
tinguished physicist  for  proving  the  law  also  for  thermal  rays. 

The  consequences  of  the  law  are  very  important,  because  the 
emission  cannot  be  well  measured,  while  the  absorption  is  inoie 
easily  ascertained  by  suitable  experiments. 

The  emission  increases  with  the  difference  of  temperature  of 
body  and  surrounding  locality,  but  is  not  proportional  to  this 
difference.  The  deviation  from  this  proportionality  is  very  dif- 
ferent. The  quantity  of  heat  emitted  depends  on  the  natiu*e  of 
the  body  ;  it  is  least  in  metals,  greater  in  organic  bodies,  greatest 
in  lampblack.  It  depends  on  the  nature  of  surface  ;  Joose, 
porous,  soft,  dark,  rough  surfaces  radiate  more  than  polished, 
hard,  bright  surfaces  ;  scratched  metals  more  than  polished. 
Emission  depends  also  on  the  nature  of  the  surrounding  medium. 
It  seems  independent  of  the  state  of  aggregation. 

The  khid  of  heat  is  also  to  be  considered.  The  kind  depends 
on  the  number  of  vibrations  per  second.  Rays  below  400  billions 
are  dark  and  warm  ;  between  400  and  500,  red  and  yellow,  and 
warm ;  hence  the  colour  of  heat  rays  is  spoken  of,  meaning  only 
the  difference  in  the  number  of  vibrations.  In  the  solar  spectrum 
rays  of  low  numbers  are  mixed  with  high.  In  luminous  platinum 
the  heat  spectrum  has  a  long  dark  space  while  the  luminous  ia 
small,  the  former  as  large  as  in  the  spectrum  of  the  sun.  Rock- 
salt  emits  at  1 50°  only  one  heat  colour  (rays  of  one  number  of 
vibrations) ;  it  is  monothermic,  Sylvin  (K  CI)  is  nearly  mono- 
thermic.  Other  bodies  radiate  at  1 50°  heat  of  various  colours. 
At  a  red  heat  (400  billions)  the  temperature  of  all  bodies  is  500^ 
at  any  rate  (all  bodies  are  then  red  hot). 

Bodies  cool  by  emission.  The  velocity  of  cooling  is  the  dimi- 
nution of  temperature  per  minute.  The  velocity  is  subject  to 
definite  conditions  (the  law  of  cooling),  which  were  for  some 
time  considered  rather  simple.  Newtmt,  thought  the  velocity 
proportional  to  the  difference  of  temperature.  Dxdong  and  PefAit 
have  shown  that,  if  the  difference  is  equal,  the  velocity  is  at  a 
higher  temperature  greater  than  at  a  lower.  The  nature  of  the 
body,  its  specific  heat,  the  magnitude  and  emissive  power  of  its 
surface,  the  conductivity  of  the  surrounding  locality,  and  other 
influences  render  the  law  complex. 

Relabive  emission  from  Leslie's  experiments:  Lampblack, 
100  ;  paper,  98  ;  resin,  96  ;  sealing-wax,  95  ;  crown  glass,  90 ; 
ice,  85  ;  mica,  80  ;  graphite,  75  ;  rough  lead,  45  ;  mercury,  20 ; 
polished  lead,  19  ;  gold,  silver,  copper,  tin,  12. 
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According  to  Melloni :  white  lead,  loo.  (Silver,  when 
scratched,  i8;  polished  and  hammered,  lo.)  Polished,  molten, 
14  ;  molten,  scratched,  11. 

Hot  water  i)ipes  should  hence  be  polished.  Stoves  should 
be  covered  with  lampblack. 

Franklin's  experiment :  Dark  rags  on  snow  sink  deeper, 
hence  greater  absorption  and  greater  emission.  Tyndall  covered 
Leslie's  cube  with  differently  coloured  velvet,  and  also  with 
layers  of  different  colours — emissions  were  not  different.  Hence 
Franklin's  result  erroneous. 

Tyndall  found  that  elementary  gases  radiate  very  little  ; 
more  so  CO,  COg,  carbonic  oxide,  and  carbonic  anhydride. 

Vapour  of  water  has  a  great  emissive  power.  Liquids 
range  themselves  like  their  gases  or  vapours. 

Heat  is  propagated  by  radiation  in  all  directions,  in  straight 
lines  in  the  same  medium,  and  diminishes  as  the  square  of  the 
distance. 

Proofs  :  A  thermopile  shows  the  same  deflection  all  round 
a  radiating  body.  If  a  screen  is  interposed,  the  needle  turns 
back  again.  When  a  screen  is  heated  and  removed  2,  3,  4  times 
the  first  distance,  we  observe  the  same  deflection,  but  as  the 
surface  is  4,  9,  16  times  greater,  each  unit  gives  out  i,  |,  jg  of 
the  heat,  which  proves  the  law,  Leslie's  differential  thermo- 
meter is  useless  for  this  experiment,  because  of  the  diminished 
inclination  of  the  rays  when  the  instrument  is  further  removed 
from  the  source  of  heat. 

296.  Reflexion  and  reftraction  of  beat.^ — Heat  is  absorbed, 
regularly  reflected,  irregularly  reflected,  transmitted,  and  re- 
fracted. 

Regular  reflection  may  be  shown  by  Melloni's  apparatus. 
Similarly  refraction.  The  laws  of  reflection  are  further  proved 
by  concave  reflectors ;  those  of  refraction  by  burning-glasses. 
White  lead  produces  much  irregular  reflection,  lampblack  not. 
White  bodies  diffuse  luminous  rays  better  than  dark  rays.  Dark 
bodies  diffuse  little  of  all  rays.  Metals  diffuse  all  rays  equally 
well.  Metals  behave  with  reference  to  heat  like  white  bodies 
with  reference  to  light. 

297.  Reflrangribility  of  different  kinds  of  beat  rays. — 
Rays  of  different  temperature,  of  different  sources,  and  different 
rays  from  the  same  source  have  a  different  refrangibility,  like 
different  colours  of  light.  Dark  heat  rays  of  low  temperature 
have  the  least  refrangibility.  Heat  rays  of  luminous  hot  bodies 
are  more  refrangible,  and  the  refrangibility  increases  with  the 
luminosity  of  tlie  heat. 
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The  diflferonce  arises  from  the  fact  that  the  different  kinds  of 
heat  rays  have  a  different  number  of  vibrations.  Rays  from  a 
hot  sheet  of  copper  exhibit  the  least  refrangibility,  the  hot 
platinum  spiral  more,  Locatelli*s  lamp  the  greatest.  The  latter 
gave  out  rays  of  different  refrangibility.  Forbes  determined  the 
indices  of  refraction  by  finding  the  limiting  angle  of  total 
reflection  (whose  sine  =  index  of  refraction).  A  rocksalt  prism 
had  to  be  used,  because  it  transmits  all  heat  rays.  Most  heat 
emitted  was  found  to  be  a  mixture  of  different  kinds.  Rock- 
salt  alone  proved  an  exception. 

298 .  Absorption, — If  the  vibrations  of  ether  enter  a  body, 
a  part  is  converted  into  molecular  motion,  the  ether  atoms 
communicating  their  own  vibrations  to  the  atoms  of  the  body. 
The  heat  rays  are  then  absorbed,  and  go  to  heat  the  body 
sensibly.  Those  rays  only  are  absorbed  of  which  the  vibrations 
agree  with  the  molecular  vibrations  of  the  body  ;  the  remainder 
remain  ether  vibrations,  and  pass  out  of  the  body. 

Absorption  is  equal  to  emission.  It  is  slight  in  polished, 
well  reflecting,  well  diffusing  bodies.  In  metals  it  is  the  least ; 
lampblack  has  the  greatest  absorption.  Absorption  differs  with 
the  kind  of  heat.  Lampblack  absorbs  all  rays.  White  lead 
absorbs  preferably  dark  heat  rays,  little  luminous.  Metals 
absorb  all  kinds  of  thermal  rays  equally  badly.  Colourless 
transparent  bodies  absorb  mostly  dark  heat  rays,  coloured 
absorb  heat  rays  of  different  colour.  Elementary  gases  absorb 
little,  aqueous  vapour  more,  and  compound  gases  still  more. 

Melloni  used  a  sheet  of  copper,  one  side  covered  with  lamp- 
black, as  a  source  of  heat ;  the  other  side  covered  with  the  body 
under  investigation  was  turned  towards  the  thermopile. 

Melloni's  results  are  the  following.  The  absorption  of  lamp- 
black is  equal  for  all  heat  rays.  Denoting  it  by  icx>,  that  of 
white  lead  for  rays  from  the  lamp  is  53,  for  glowing  platinum 
56,  for  copper  at  400°  89,  for  copper  at  100°  100. 

Bodies  differ  for  the  same  heat.  The  same  body  differs  for 
different  heat. 

De  la  Provostaye  and  Desains  denote  the  absorption  of 
lampblack  =  i .  Then  that  of  steel  for  rays  of  the  sun  =  '42. 
For  Argand's  lamp,  '34.     For  Locatelli's  lamp,  0*175. 

Platiniun,  '39,  '30,  '17,  for  the  same  three  sources. 

Tyndall  enclosed  gases  and  vapours  in  long  tubes,  closed  by 
rocksalt  discs.  At  one  side  the  source  of  heat,  at  the  other  the 
thermopile.  A  method  of  compensation  consisted  in  another 
source  of  heat  on  the  other  side  of  the  thermopile. 

If  absorption  of  air  or  elementary  gases  at  i'.'  pressure  «■  i  ; 
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Chlorine  =  60;  nitrous  oxide,  1590;  SH„  2000;  NH3,  7260; 
S  O2,  8800.  Several  successive  tubes  diminish  the  sum  total  of 
absorption,  that  is,  the  effect  of  their  sum  is  less  than  the  sum 
of  the  single  effects.  Acetic  ether,  11 95.  Perfumes  370  greater 
than  air.  Ozone  from  30  to  1 36  times  that  of  oxygen.  Vapour 
of  water  absorbs  about  10  per  cent,  of  the  radiated  heat  of  a 
source  of  heat  on  a  dry  day.  Magnus,  on  the  other  hand,  found 
that  moist  air  has  no  greater  absorption  than  dry. 

Liquids,  enclosed  in  a  cell  of  rocksalt.  Source  of  heat  a 
platinum  wire  made  hot  by  a  constant  current.  The  absorption 
increases  with  the  thickness  of  the  layer,  first  rapidly,  then 
slowly. 

Layer  of  water,  0'02"    807  per  cent.     Alcohol,  67  per  cent. 
„  „     0-04      860        „ 

„    0-07      88-8        „ 

„  „    027      9^*0        n 

Water  greatest,  then  alcohol,  then  ethers,  then  S.^  C. 

Absorption  of  vapours  in  the  same  order. 

The  more  luminous  the  source  of  heat,  the  greater  the  ab- 
sorption from  it. 

Platinum  luridly  glowing,  S^C,  6*5 

,,  red  hot,  47     white  hot,  2*9 

Leslie's  tube,  6*6  gas,  9-8    Bunsen's  lime,  6*2 

Since  transparent  bodies,  as  seen  from  the  first  numbers, 
absorb  more  dark  heat,  it  follows  that  a  gas  flame  contains  much 
dark  heat. 

299.  General  results. — There  are  thus,  as  regards  thermal 
radiation,  bodies  which  are  diathermane  and  such  as  are  adi- 
athermane.  Thermochroic  bodies  transmit  only  a  certain  kind 
of  heat  rays.  Diathermaneity  is  now  used  to  denote  the  general 
capacity  for  transmission  of  heat,  diathermancy  or  thermochrosis 
that  for  transmitting  only  certain  kinds  of  rays. 

Transparent  bodies  transmit  mostly  luminous  heat,  but 
weaken  dark  heat.  Rocksalt  and  Sylvin  are  exceptions,  trans- 
mitting all,  with  exception  of  the  few  which  they  absorb.  Opaque 
bodies  stop  luminous  heat,  but  a  few  in  thin  layers,  as,  lamp- 
black, black  mica,  black  glass,  iodine  dissolved  in  disulphide 
of  carbon,  S^C,  transmit  dark  heat.  Coloured  transparent 
bodies  are  only  diathermane  for  heat  of  their  own  colour.  Dry 
elementary  gases  are  more  diathermane  than  rocksalt,  other 
gases  or  vapours  stop  certain  rays. 

Rays  passed  through  ice,  previously  through  water,  do  not 
melt  the  ice. 
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Absorption  takes  place  mostly  in  the  superficial  layers  of  a 
body  ;  beyond  a  certain  limit  it  ceases,  and  the  bundle  of  rays 
remains  afterwards  unaltered,  and  passes  without  loss  even 
tlirough  a  second  plate. 

Hence  generally, — (i.)  Heat  of  each  source  has  different 
heat  rays. 

(2.)  Luminous  sources  emit  also  mostly  dark  rays. 

(3.)  After  transmission  the  kind  of  heat  is  different;  it  is 
that  of  the  substance  which  transmits. 

(4.)  Transparent  bodies  (except  rocksalt)  absorb  dark  rays 
pre-eminently,  transmit  luminous. 

(5.)  Sources  of  low  temperature  emit  only  rays  of  low  re- 
frangibility. 

(6.)  The  number  of  dark  rays  increases  with  the  tempe- 
rature, but  also  the  luminous  rays  increase,  or  their  refrangi- 
bility  increases.     Ice  is  most  adiathermane. 

Different  heat  rays  suffer  also  unequal  reflection.  When 
heat  from  Locatelli's  lamp  has  passed  through  glass  or  rocksalt, 
different  quantities  are  reflected  by  speculum  metal,  silver,  and 
platinum.  Fluorspar  reflects  30  per  cent,  of  heat  emitted  from 
heated  rocksalt,  but  only  6  to  10  per  cent,  from  other  sources. 
Silver  reflects  from  83  to  90  per  cent,  of  heat  emitted  by  other 
sources  of  heat,  glass  6  —  14,  fluorspar  6  —  10  per  cent.  The 
latter  substance  reflects  of  heat  emitted  by  Sylvin  15 — 17  per 
cent. 


CHAPTER  XIV. 

THE  DYNAMICAL  THEORY  OF  HEAT. 

300.  Beat  is  a  kind  of  XHotlon. — It  has  long  been  ac- 
cepted by  scientific  men  that  motion  and  heat  were  so  inti- 
mately connected  as  to  be  equivalent,  varying  in  form  but  being 
the  same  in  nature,  and  easily  convertible  from  one  form  to  the 
other,  without  waste  or  destruction  of  even  the  smallest  portion 
of  the  energy.  To  demonstrate  this  by  exact  experiment  beyond 
a  shadow  of  doubt,  has,  however,  taken  up  much  time,  and 
required  the  greatest  care  and  abilities  on  the  part  of  the  ex- 
perimenter. 
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There  are  many  illustrations  presented  by  the  common  occur- 
rences of  life  which  prove  that  heat  is  a  form  of  motion,  or 
rather  that  that  kind  of  motion  called  heat  is  always  developed 
when  the  ordinary  form  of  the  motion  of  a  body  is  suddenly 
checked  or  gradually  diminished,  as  for  example,  by  friction. 
We  may  call  to  mind  the  savage  taking  up  two  pieces  of  dry 
wood,  rubbing  them  together,  and  obtaining  fire.  Again,  when 
the  brake  is  put  on  a  railway  carriage,  the  friction  of  the  wheel 
on  the  rail  throws  oflf  fire  in  the  form  of  clouds  of  sparks.  Our 
own  bodies  may  be  said  to  be  constantly  renewed  by  the  appli" 
cation  of  heat,  which  is  expended  in  motion,  and  it  is  well 
known  that  an  extra  amount  of  motion  or  expenditure  of  heat 
results  in  an  extra  call  for  supply  of  heat-giving  materials  to  the 
body.  A  leaden  bullet  is  placed  on  an  anvil  and  struck  with  a 
sledge  hammer;  the  amount  of  heat  generated  by  percussion 
is  sufficient  to  raise  the  temperature  of  the  bullet,  and  if  the 
heat  generated  could  be  collected  without  loss  we  should  be  able, 
by  means  of  it,  to  raise  the  hammer  to  the  height  from  which  it 
fell.  In  all  cases  where  meehanical  force  is  expended  in  produc- 
ing heat,  or  the  converse  takes  place,  the  relation  between  the  two 
may  he  expressed  by  a/n  equivalent  of  heat  and  work. 

301.  Joule's  Sxperiments .-^Joule's  experiments  for  deter- 
mining this  equivalent  were  made  upon  the  friction  of  water,  mer- 
cury, and  cast  iron.  The  apparatus  employed  for  the  experiments 
upon  water  consisted  of  a  brass  paddle-wheel,  furnished  with  eight 
sets  of  revolving  vanes.  This  revolving  apparatus  was  firmly  fitted 
into  a  copper  vessel  containing  water,  in  the  lid  of  which  were  two 
necks,  one  for  the  axis  to  revolve  in  without  touching,  the  other 
for  the  insertion  of  a  thermometer.  Motion  was  given  to  the  axis 
by  the  descent  of  leaden  weights,  suspended  by  strings  from  the 
axes  of  two  wooden  pulleys,  their  axes  being  supported  on  fric- 
tion wheels,  and  the  pulleys  were  connected  by  fine  twine  with  a 
wooden  roller,  which,b3r  means  of  a  pin,  could  be  easily  attached 
to  or  removed  from  the  friction  apparatus.  The  mode  of  experi- 
menting was  as  follows  : — The  temperature  of  the  friction- 
apparatus  having  been  ascertained,  and  the  weights  wound  up, 
the  roller  was  fixed  to  the  axis,  and  the  precise  height  of  the 
weights  ascertained  ;  ihe  roller  was  then  set  at  liberty,  and 
allowed  to  revolve  till  the  weights  touched  the  floor.  The  roller 
was  then  detached,  the  weights  wound  up  again,  and  the  friction 
renewed.  This  having  been  repeated  twenty  times,  the  experi- 
ment was  concluded  with  another  observation  of  the  temperature 
of  the  apparatus.  The  mean  temperature  of  the  apartment  wti^ 
ascertained  by  observations  made  at  the  beginning,  middle,  and 
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end  of  each  experiment.  Corrections  were  made  for  the  effects 
of  radiation  and  conduction,  and  in  the  experiments  with  water 
for  the  quantities  of  heat  absorbed  by  the  copper  vessel  and  the 
paddle-wheel.  In  the  experiments  with  mercury  and  cast-iron, 
the  heat-capacity  of  the  entire  apparatus  was  ascertained  by  ob- 
serving the  heating  effect  which  it  produced  on  a  known  quan- 
tity of  water  in  which  it  was  inunersed.  In  all  the  experiments 
corrections  were  also  made  for  the  velocity  with  which  the 
weights  came  to  the  ground,  and  for  the  friction  and  rigidity  of 
the  strings.  The  thermometers  used  were  capable  of  indicating 
a  variation  of  temperature  as  small  as  ^oo  of  a  degree 
Fahrenheit. 

The  following  table  contains  a  summary  of  the  results  : — 


Materials  employed 

Equivalent  in 
air 

Equivalent  in 
vacuo 

Mean 

Water 

Meioury.    .         .         ,  < 

Cast  Iron  ,        , 

773-640 
773762 
776-303  - 
776-997 
774-880 

772*692 
772*814 

775*352 
776-045 

774-930 

772*692 
}    774-083 

}    774*987 

The  number  772*692,  obtained  by  the  friction  of  water,  is 
regarded  as  the  most  trustworthy. 

The  conclusions  deduced  from  these  experiments  are — 

1.  That  the  quantity  of  heat  produced  by  the  friction  of 
bodies,  whether  solid  or  liquid,  is  always  proportional  to  the 
force  expended. 

2.  That  the  quantity  of  heat  capable  of  increasing  the  tem- 
perature of  I  lb.  of  water  (weighed  in  vacuo  and  between  50° 
and  60°)  by  1°  Fahrenheit,  requires  for  its  evolution  the  expen- 
diture of  a  mechanical  force  represented  by  the  fall  of  772  lbs. 
through  the  space  of  i  foot. 

Or,  the  heat  capable  of  increasing  the  temperature  of  i 
kilogramme  of  water  by  1°  C,  is  equivalent  to  a  force  represented 
by  the  fall  of  423*55  kilogrammes  through  the  space  of  l  metre. 

This  is  consequently  the  mechanical  equivalent  of  a  unit  of 
heat. 

302.  Beat  rendered  sensible  by  compression  of  air. — For 
determining  the  heat  produced  by  the  compression  of  a  gas,  like 
air.  Joule  used  a  copper  vessel,  12  inches  long,  ^inch  thickness 
of  wallfi,  and  136 J  cubic  inches  contents.    The  air  in  it  was  com- 
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pressed  to  a  pressure  of  about  22  atmospheres  by  a  condensing 
pump  attached  to  it.  The  whole,  pump  and  all,  was  immersed  in 
45  lbs.  3  oz.  of  water.  300  strokes  of  the  piston  brought  the  pres- 
sure to  21  '654  atmospheres  ;  the  temperature  of  the  water  rose 
•643°  F.  Part  of  this  heat  is  due  to  the  friction.  The  entrance 
of  the  air  from  outside  was  now  excluded,  and  300  strokes  pro- 


Fig.  108. 


duced  a  heating  effect  of  '297°  F.  Hence,  rise  of  temperature 
due  to  compression  =  '643  —  '297  =  '346°  F. 

Since  1 36*5  x  2 1  -654  =  2,956  cubic  inches  of  air  are  compressed 
into  a  space  of  136*5  cubic  inches,  it  appears  from  this  experi- 
ment, after  applying  the  necessary  corrections,  that  the  heat 
thus  set  free  would  heat  i  lb.  of  water  by  13° '628  F.,  or  3*437 
kilogrammes  1°  C. 

To  find  the  mechanical  labour  required  to  compress  2,956 
cubic  inches  to  2 1  '654  times  their  density,  let  the  air  be  supposed 
to  be  in  a  tube,  a  hfig,  108,  21  '654  feet  long,  and  let  its  section 
be  1 1  '376  square  inches  ;  thus  one  foot  length  of  tube  will 
exactly  be  equal  in  volume  to  the  contents  of  the  vessel,  since 
12x11  -376  =  136*5.  Now,  let  the  piston  be  pushed  down  to  a 
foot  from  the  ground,  that  is,  from  a  to  c,  then  the  air  in  the 


DD  2 


404   THE  PROPAGATION  OF  HEAT,  AND  ITS  NATURE. 

tube  which  originally  filled  a  space  represented  by  21  '654  units, 
will  be  compressed  into  the  _i_th  part  of  its  original  volume, 

and  its  density,  also  its  pressure,  will  then  be  equal  to  that  in  the 
vessel  used  in  the  experiment.  Let  now,  at  various  points  of 
the  tube,  lines  be  drawn  at  right  angles  to  it,  so  that  their 
length  is  always  proportional  to  the  pressure  of  the  enclosed 
air,  when  the  piston  has  reached  that  point,  the  line  c  g  being, 
on  that  supposition,  21*654  times  longer  than  a/;  if  the  pres- 
sures be  thus  represented  by  these  lines,  then  the  area  en- 
closed by  the  curve  (hyperbola)/  h  i  g  and  the  tube  a  c  repre- 
sents the  force  required  for  pushing  the  piston  from  a  to  c. 
Let  g  che  denoted  hjy,hc  by  x,  and  b  ahjxf ;  then  the  area  « 

B.-xy  log.  uat.  - 

X 

and  if  X  =  I 

X*  r 

H«=t/log.  nat.  -  =2-3026  y  log.   x'  if  log  x'  is  calcu- 

X 

lated  by  ordinary  logarithms. 

At  the  experiment  the  barometer  stood  at  30*2  inches,  hence 
the  pressure  upon  a  section  of  the  tube  is  168*5  lbs. 

.•./a=i68*5, 

grc  =  2i-654x  168-5  =3648-7 
x''=2i-654 

.  • .  H  =  2  -3026  X  3648  -7  log.  2 1  -654  =  1 1 220  footpounds,  being 
the  work  required  for  the  compression  of  2956  cubic  inches  to 
-J_  of  the  space,  and  this  produced  3  -437  imits  of  heat.     But 

1552  kilogrammetres  =  1 1220  footpounds. 

.  • .  mechanical  equivalent  from  this  experiment  =  45 1  kilo- 
grammetres. 

When  the  air  is  allowed  to  flow  out  of  the  vessel  in  which  it 
was  compressed,  the  same  heat  was  found  to  be  required, 
if  the  resistance  of  the  air  is  to  be  overcome,  that  was  generated 
by  the  compression.  But  when  another  vacuous  vessel  is 
attached  to  it,  no  heat  is  required,  for  no  work  is  done. 

303.  Bim's  Sxperlment. — A  cylinder  of  wrought-iron  is 
suspended  by  two  strings.  The  weight  of  the  cylinder  is  350  kilo- 
grammes. A  block  of  sandstone,  weighing  941  kilogrammes, 
with  a  plate  of  iron,  is  opposite  to  it.  Between  the  block  and 
cylinder  is  a  small  cylinder  of  lead,  weighing  2  -948  kilogrammes, 
which  is  partly  hollow  for  inserting  a  thermometer.  At  the  begin- 
ning of  the  experiment  the  temperature  of  the  lead  cylinder 
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is  7° '87.     Let  now  the  iron  cylinder  be  raised  and  allowed  to 

strike  upon  the  lead. 
Then  let  the  following  be  the  observed  data  of  the  experiment : 
Height  of  fall  of  cylinder     ....     i*  166  metres. 
After  impact,  back  again      ....     0*087       „ 
Height  of  ascent  of  block  after  impact   0*103       ,, 

Hence,    work    of      hammer    350x1*166     kilogrammetres, 
=  408*100. 

Work  of  rebounding  parts, 

0*103  (941  +  2*95)  + 0*087  X  350  «  127*677. 
Difference  280*423  kilogrammetres. 

We  have  now  to  find  the  quantity  of  heat  produced  by  this 
mechanical  work. 

In  the  cavity  of  the  lead  cylinder,  18*5  grammes  of  water  at  o® 
were  poured ;  4  minutes  after  impact  the  temperature  was  i2°*io 

"      >»  >>  »  >>  >>         ^^    75 

.•.  cooling  in  4  minutes  0^*35 

cooling  during  first  4  minutes  follows  from  the 

proportion,  11*75  •  i2'io::*35  •  ^='^6 

Temperature  at  the  moment  of  collision, 
12*10+  *36=»i2°*46 

Hence  rise  of  temperature  due  to  impact,  12*46  -  7*87  =4^*59 

Units  of  heat  produced,  taking  0*03145  as  the  specific  heat  of 
lead, 

4*59  X  2*948  X  0*03145+  I2*46x  -00185 

=  '656  units 
The  proportion  '656  :  i :  1280*423  :  427 

gives  thus  427  kilogrammetres  as  the  equivalent  found  from 
this  experiment. 

304.  Specific  Beat  of  Air  at  constant  Volume  and 
constant  Pressure. — Let  a  quantity  of  air  be  enclosed  in  a 
cylinder  with  a  moveable  piston,  and  heated  until  the  volume 
is  doubled.     Then  since  the  density  of  the  air  is  J.  that  of 

water,  and  one  litre  of  water  at  0°  may  be  taken  to  weigh  one  kilo- 
gramme, the  heat  required  is     ^  ^  "^^  if  '24  is  the  specific  heat 

of  air  at  constant  pressure,  if  the  cylinder  has  an  area  of  10  D*^"*, 
and  the  volume  of  the  air  is  exactly  i  litre.     If  the  piston  had 
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been  fixed,  and  the  tempei-ature  raised  by  273°,  then  only 
Y~  of  this  heat  would  have  been  required.  The  surplus  was 
previously  required  because  the  air  did  work  in  the  first  case, 
namely,  to  raise  a  pressure  of  760""  upon  10  D*  through  i". 
The  surplus  is  the  mechanical  equivalent  of  heat,  it  is — 

42  ^  o;^24  .  273 

142  773 

The worV  done  is  — ^7    ^ — ^kilogrammetres  (b) 

1000  ^  ^ 

A  :  b::  I  :  412  kilogrammetres. 

Or  we  may  consider  the  subject  thus :  one  cubic  metre  of  air 
at  0°  and  atmospheric  pressure,  or  i  '293  kilogrammes  of  air,  must 
be  heated  from  0°  to  273°,  so  that  its  tension  may  be  two 
atmospheres. 

This  requires  273  x  1*293  xo*  1686  units  =  59,  because  •1686 
is  the  specific  heat  of  air  at  constant  volume? 

But  if  one  cubic  metre  of  air  at  0°  is  heated  to  273,  while  it 
can  expand,  its  volume  will  be  twice  what  it  was  before,  and 
the  heat  required  is 

273  X  I  -293  X  '2377  =  83  units 

'2277  being  the  specific  heat  at  constant  pressure,  both 
specific  heats  being  determined  by  independent  experiments. 

The  difference  =  83  —  59  =  24  represents  the  thermal  units 
required  for  the  expansion. 

To  calculate  the  work,  suppose  the  air  to  fill  a  vessel  of  a 
square  metre  base,  and  one  metre  high,  below  a  piston.  The 
pressure  of  the  atmosphere  upon  this  piston  is  10333  kilo- 
grammes, and  to  raise  the  piston  one  metre  10333  kilogram- 
metres  of  work  are  required,  and  24  units  of  heat. 

Hence  10333  =  430  kilogrammetres 
24 

«  equivalent. 

Here  heat  has  produced  a  mechanical  effect,  while  in  the 
preceding  experiments  mechanical  work  was  converted  into 
heat. 

305.  Furfher  consequences  and  tbeoretioal  considera- 
tions.— Considering  heat  as  molecular  motion,  we  may,  jfrom 
the  preceding  facts,  derive  the  foUowing  statements,  i.  The 
temperature  of  a  body  is  proportional  to  the  vis  viva  of  the 
molecules.     Increase  of  temperatiure  is  increase  of  the  via  viva. 

Not  all  heat  conveyed  into  a  body  is  employed  in  increasing 
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the  vis  viva,  for  a  portion  may  be  employed  to  equilibrate  mole- 
cular forces  which  act  between  the  molecules  and  prevent  the 
free  motion.  This  is  latent  heat  =  l.  If  sensible  heat  =  t,  then 
total  heat  in  the  body  u  =  t  +  l. 

2.  If  a  body  has  temperature  t,  volume  v,  and  is  to  be 
raised  to  volume  v  +  v\  temperature  t  + 1%  and  the  heat  in  the 
body  u  +  u',  then  u'  is  insufficient  for  the  purpose,  because  the 
volume  having  increased,  external  work  has  been  done. 

If  p  =  pressure  upon  the  body,  then  the  external  work  required 
for  increasing  the  volume  by  t/  is  p  v'  if  the  pressure  during 
expansion  is  constant ;  the  heat  corresponding  to  this  work  re- 
quired is  :  Heat  =  t^  «  a/w'  (a  -  ^Jj).  Hence  heat  required  for 
raising  the  temperature  to  ^  + 1^,  volume  to  v  +  v',  heat  con- 
tained to  u  +  u'  is 

q  =  v^  +  Api/ .         «  (I) 

dQ  =  increment  of  heat  to  be   added  \ 

d   -ft  d  l^^"^ increment  of  heat  contained,        I       .j  v 

"^     I  so  that  the  volume  has  an  increase  of  /  *  ^    ^ 
\dv.  ^ 

The  equation  (I)  or  a  corresponding  one  is  the  mathematical 
expression  of  thejirst  law  of  Thermo- 
dynamics.    It  enables  us  to  calculate 
the    heat    which    disappears,    with 

change  of  volume,  when  a  body  is  j^' 

under  a  known  pressure,  and  the 
work  done  by  expansion  is  known, 
which  is  only  the  case  when  only 
external  work  is  involved  ;  internal 
work  cannot  be  directly  measured. 
This  is  only  the  case  with  perfectly 
gaseotis  bodies.  The  following  is  an 
example  of  the  application  of  this 
law.  A  hollow  cylinder,  fig.  109 
ID"  section,  contains  air  1"  high* 
Hence  one  cubic  metre  of  air, 
reaching  to  piston  K  ;  the  air  is  at  0°. 
The  pressure  upon  it  is  10333  kilo- 
grammes. This  air  heated  to  273°,  ex 
pands  to  double  the  volume ;  the 
piston  rises  to  k'.  The  work  done  is 
10333  kilogrammetres,  and  the  heat 
consumed  ^*^*  ^°9' 

^py' »  5^333  ^  24-37  units. 
424 
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The  total  heat  which  must  be  conveyed  to  a  cabic  metre  of 
air  at  o^  and  atmospheric  pressure  (1293  kilogrammes)  to  heat 
it  to  273°  is,  when  the  pressure  is  constant, 

273  X   1-293  X  0*2377  =  83  units. 
.-.  83  =  u'  + 24-37 
r  =  58-63 

.  -.  58*63  imits  pass  into  the  air,  24*37  perform  the  work  of  ex- 
pansion. Only  58*63  units  are,  therefore,  required  for  heating 
solely  air  from  0°  to  273°,  if  the  volume  remains  constant,  or 

Specific  heat  at  constant  pressure  :  specific  heat  at  constant 
volume:: 83  :  58*63 
1*415:1 
or  better  1  -42 1  :  i  as  found  in  a  different  manner  in  art.  242, 
page  317. 

In  this  calculation  the  mechanical  equivalent  of  heat  is 
supposed  to  be  known. 

In  the  following  example  the  law  is  applied  to  steam. 

The  cylinder,  fig.  no,  has  a  sec- 
tion of  one  square  metre.  There  is 
one  litre  of  water  in  it  at  0°.  The 
-^'  pressure  p  upon  the  piston  is  that 
of  saturated  vapour  at  <°.  Let  the 
water  be  heated  to  <°,  and  let  the  ex- 
pansion be  neglected.  The  heat  re- 
quired is  =  t  +  -00002^*  +  *oooooo3  f^ 
=  w,  if  the  change  of  the  specific 
heat  with  the  temperature  is  con- 
sidered, or  t,  when  specific  heat=  i. 
The  unit  being  the  heat  required  for 
raising  one  kilogramme,  that  is,  in 
this  case  one  litre  to  1°.  No  steam 
can  yet  be  formed.  If  more  heat  is 
introduced,  steam  is  formed  of  ten- 
sion p.  The  piston  moves  upwards 
until  all  water  is  steam.  Let  the 
heat  required  for  the  formation  of 
steam  at  t°  be  r  (at  constant  pres- 
sure). This  is  usually  called  the 
latent  heat.  The  total  heat  is  under 
■  these  suppositions 


w//w////////////////////^^^^^^ 


Steojn^ 


vr cuter 


Fig.  Tio. 


Q=.w  +  r 
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But  Q  =  6o6+  •305*  (art.  190,  page  225) 

.".r  =  6o6*5   —  '695  t —  •OOCX52  t^ 

—  •oocxxx)3<', 

or  =  607 -0708  t. 
Hence,  if  r  were  exclusively  employed  for  external  work, 
r  -  A^u,  and  it  would  be  easy  to  calculate  the  volume  of  the 
steam  formed,  for  then  u  could  be  calculated,  that  is  the  space 
kk'  which  is  filled,  when  the  kilogramme  of  water  at  t°  becomes 
steam  at  t°.  But  r  consists  of  two  portions.  Apu  performs  the 
external  work  ^1^,  while  another  portion,  p,  works  again  cohesion, 

,\r  —  p  +  Apu. 

We  know  neither  p,  nor  Ajpi^,  nor  their  mutual  relation  ;  in 
order  to  determine  these  quantities,  p  must  be  eliminated 
by  performing  with  the  steam  a  definite  external  work,  at  the 
end  of  which  the  internal  work  =  0.  This  process  is  called  in  the 
theory  of  heat  a  cycle. 


^. 

( 

b 

\ 

\ 

.0 

a) 

1      ( 

1     ■■■ '     '                          ' 
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1      ' 
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O      A     3> 


B      C 


Fig.  III. 


Let  IV  =  volume  of  unit  of  weight  of  water  at  ^°  =  o  a,  Jig.  1 1 1, 
p  =  Aa. 

If  steam  is  formed  by  heat,  the  steam  having  the  same  tem- 
perature t,  then  p  is  constant.  Let  all  water  be  evaporated. 
Then  w  becomes  v,  =  ob,  that  is,  the  increase  =  it  =  ab,  and  the 
work  done  is  abo^  =  pu.     The  heat  conveyed  to  it  is  r. 

Let  this  steam  now  expand  wifehout  the  addition  of  heat  until 
the  temperature  falls  1°,  and  the  tension  is  reduced  by  <p,  ob 
becomes  oc.     Then  the  work  d  -  Bcbc,  and  q^the  heat  lost. 

Temperature  of  the  steam  t—i.^       ■,      ,-, 

,.^«c«,,^..  ^^    ^    ^   c  under  these  circumstances, 
pressure  I?  —p  —  ^,J 

Let  it  be  compressed,  by  the  volume  u,  that  is,  by  c  d 
in  the    figure,   being    at  the  same    temperature,    but   losing 
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hoat,  the  tengion  remaining  p  — 0.  Then  r^,  the  heat,  be- 
coming sensible  and  withdrawn  from  the  steam,  consists, 
first,  of  Ap^Uy  corresponding  to  the  work  j/u  expended  in 
compressing,  represented  by  cudc ;  and,  secondly,  p^,  which  be- 
comes free  by  condensation.  If  now  the  compression  is  con- 
tinued from  OD  to  OA,  the  temperature  becomes  t?,  the  pres- 
sure p,  and  the  steam  becomes  water  at  its  original  temperature  t. 
The  work  done  is  (2  «  dcUia,  and  the  heat  q  is  again  conveyed  into 
the  body  which  it  had  lost  in  expanding  from  ob  to  oc. 

During  this  cycle  the  heat  r  and  q  did  first  pu  +  d  work, 

while  the  work  p'u  +  d  produced  r^  +  q  heat. 

.•.The  sum  of  the  work  gained  =  ^4 +  d—j?'i*—<i  =  ^tt,  re- 
presented by  the  parallelogram  abed. 

The  heat  required  for  this  work  isr  +  g— r'— g—r— r'.  But 
the  work  <,u  requires  A>pu  heat  .*.a  u  —  r—r^.  Hence  r' is  to 
be  determined  to  find  u.  Without  applying  the  calculus,  we 
may  proceed  approximately  thus. 

The  (quantities  of  heat  are  proportional  to  the  tensions  or  : — 
Apu  :  Ap^u ::p  :  p^i:  density  of  vapour  at  (^  :  density  at  (*—  i). 

Proportional  to  these  densities  are  the  quantities  of  water 
wliich  evaporate  at  t  while  expanding  through  u,  and  at  (t—iy 
while  being  compressed  through  u, 

.'.p :  p^::p  :p 

p  +  Apu  :  p^  +  Ap^u ::p  ',p' 

r  :  r' :  :p  :  p\ 

but  p  :  p' ::  I  ■¥ at  I  I  +  a{t- i) 
•  \  T  :  r'  =  (i  +at) :  I  +a(«-i) 

I  +a^ 


f        /,       I+a(<-l)\ 

-r  -rl  I—  ^^ -^1 

V  l+at      / 


ra 


1  +at 

dividing  by  a,  and  putting  I  =  a 

a 

r-^r'  ^    -  ---jT^  absolute  temperature  corresponding  to  t, 

T 
.•.A  W=- 

T 

„  =  ^«  =  424r.        ...     (II) 
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or  for  every  temperature  u  can  be  determined.  The  equation 
(II)  is  generally  called  the  second  law  of  thermodynamics, 

306.  Steam  Sngrines. — Koss  of  Beat  wtacD  work  is  done. 

— Him  showed  the  loss  of  heat  when  work  is  done  by  steam- 
engines,  in  which  the  steam  passed  into  a  condenser  after  per- 
forming work.  To  prevent  errors  from  various  mechanical 
sources  the  steam  was  superheated,  before  entering  into  the 
cylinder,  and  its  temperature  previously  ascertained. 

The  quantity  of  water  evaporated  per  second  (p)  was  care- 
fully determined,  and  the  water  which  was  thrown  by  the  jet 
into  the  condenser  (p)  was  also  found  per  second  from  measure- 
ments of  the  water  used  for  condensation  during  a  whole  day. 

The  heat  given  up  by  the  condensed  vapour  is  foimd  thus  : 
Let  t  be  the  temperature  of  the  vapour  when  formed  in  the 
boiler,  then  the  heat  which  it  contains  in  one  kilogramme 
m^re  than  that  in  one  kilogramme  of  water  at  0°  is  ; 

^1  =  606-5  +  0*305^  units. 

This  vapour  is  heated  to  t  before  entering  the  cylinder,  and 
if  o*5=the  specific  heat  of  vapour,  it  requires  for  each  kilo- 
gramme, 

^2  =  0*5  (t  —  t)  units. 

If  this  kilogramme  is  condensed  and  cooled  to  a  temperature 
of  f°,  with  which  the  water  leaves  the  condenser,  the  heat  lost 
by  it  is 

and  the  heat  which  in  each  second  is  given  oflf  by  the  weight  p 
of  steam  passing  per  second  through  the  engine  is  thus  : 

Q^^Pi{q  +  q2—f)y 

=i>  (605*5 +o-305<  + 0-5  (t-0~/). 

Suppose  that  no  heat  is  lost  for  work  done,  then  this  heat  is 
used  for  heating  the  water  entering  the  condenser,  and  if  this 
water  has  a  temperature  i  when  entering,  and/  when  leaving  the 
condenser, 

P(/-i)-Q3 
should  be  equal  to  Qj.     But  experiment  proves  that  this  is 
not  the  case,  as  shown  by  the  following  individual  experiments. 
First  experiment.     The  pressure  of  the  steam  was  4*5  atmo- 
spheres, hence 

^=148*3        ^  =  0-34554  kilos.        /=  37*28 
1-^  =  917  p  =  5 '84004  kilos.        i  =  5-i. 


412   THE  PROPAGATION  OF  HEAT,  AND  ITS  NATURE. 

Hence  Qi« 228*16        Qj»  187*82 
Q1-Q2  =  40-34  units. 

The  useful  effect  of  the  machine  was  11250  metre-kilo- 
grammes, 

hence  one  unit  gives  — ^  as  useful  eflfect. 

40-34 

B  278  metre-kilogrammes. 

In  another  experiment 

^=  i52°-2        ^  =  o- 23548  kilos.        /=  26-05 
T-^«93°        p  =  5-8718  kilos.  i  =  3-2 

Qi-Q2=' 158*81 -123-3  =  30-51  units. 

The  useful  eflfect  was  8700  : 

.*.  — —  =285  metre-kilogrammes. 
30-51  ^ 

or  the  useful  effect  is  proportional  to  the  loss  of  heat. 

If  the  useful  effect  is  70  per  cent.,  then  from  the  mean 
result  of  these  experiments  one  unit  =  400  metre-kilogranmies. 

307.  otber  Ptaysioal  Processes. — Wherever  heat  is  pro- 
duced by  any  process,  this  process  can  perform  work  ;  but  the 
work  performed  causes  loss  of  heat,  or  the  heat  produced  by  any 
process  is  diminished  when  at  the  same  time  work  is  performed. 

Let  a  current  pass  through  a  magnetising  spiral  in  an 
electro-magnetic  rotatory  arrangement.  Then  the  wire  becomes 
heated  and  the  heat  produced  =  k  (i)'  x  resistance  (  =  r),  i  being 
the  intensity,  and  k  some  constant  factor.  But  the  heat  is  pro- 
portional to  the  consumption  of  zinc. 

If  now  the  resistance  is  doubled,  then  the  intensity  is  half, 
and  also  the  consumption  of  zinc  is  half,  of  what  it  was  at  first. 
But  now  we  should  have, 

Heatj  =  K  ( -  r  2r  =  J  ki^r  =  J  heat^ 

The  heat  is  half,  the  intensity  is  half,  the  consumption  of 
zinc  is  half. 

But  as  the  electro-magnet  begins  to  rotate,  the  intensity  de- 
creases with  the  increase  of  velocity  of  rotation. 

Suppose  that  everything  is  so  arranged  that  the  intensity  of 
current  in  the  case  of  the  rotating  motor  is  half  that  of  the 
same  when  at  rest.  Then  the  consumption  of  zinc  is  half.  But 
the  heat  produced  is  now  quite  different.  For  the  intensity  is 
half,  but  the  resistance  is  still  the  same  : 


.  • .  Heatj  =  K  (^Vr  «  \  Ki«R  =  iH^, 
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or  half  the  consumption  produces  only  J  h,  because  the  other  ^h 
has  done  a  corresponding  equivalent  of  work. 

308.  XlSeltiDgr  of  Zoe. — Let  i  k.  of  ice  at  0°  be  in  a  vessel, 
under  one  atmospheric  pressure.  As  long  as  the  pressure  is 
constant,  if  heat  is  conveyed  to  the  ice,  it  becomes  water.  Heat 
required  =  r«  79*035  units.  The  analogy  between  fusion  and 
vaporisation  permits  to  apply  also  in  this  case  the  second  law  of 
thermodynamics. 

A*  4* 

Now  u  ==  — .  \  0  =  — 

AT^  ATI/ 

But  (f>  is  unknown  in  this  case. 

The  volume  of  i  kilogramme  of  water  of  temperature 
o®  Bs o'ooi  cubic  metre  ;  of  ice  =  0*00109  =  w, 

,'  ,u  =  v  —  w  —  —  0*00009 
..p^ -79 •035x424 

273  X  '00009 

0  =  difference  of  pressure  corresponding  to  a  lowering  of  tem- 
perature ol  1°,     If  in  atmospheres 

M -79-035x424  -I-.. 

273  X  -00009  X  10333 

.*.  an  increase  of  pressure  of  132  atmospheres  lowers  the  freez- 
ing-point 1°  ;  of  I  atmosphere  lowers  it  by  0*0075    c. 


BOOK  THE  THIRD. 

VARIOUS  PRACTICAL  APPLICATIONS  OF  THE 

EFFECTS  OF  HEAT. 


CHAPTER  XV. 

COMBUSTION. 

309.  Beat  developed  in  cbemleal  oombinatloii. — It  has 

been  already  explained  that,  when  two  substances  enter  into 
chemical  combination,  so  as  to  form  a  new  compound,  heat  is 
generally  either  developed  or  absorbed ;  so  that,  although  the 
components  before  their  union  have  the  same  temperature,  the 
temperature  of  the  compound  which  results  will  be  generally 
above  or  below  this  common  temperature,  and  sometimes 
considerably  so. 

If  no  change  in  the  state  of  aggregation  of  the  constituents 
is  produced  by  their  union,  this  phenomenon  is  explained  by  the 
specific  heat  of  the  compound  being  less  or  greater  than  that  of 
the  components,  according  as  the  temperature  of  the  compound 
is  greater  or  less.  If  greater,  it  is  because,  the  specific  heat  being 
less,  the  actual  quantity  of  heat  contained  in  the  compound 
gives  it  a  higher  temperature ;  if  less,  because  it  gives  it  a  lower 
temperature. 

If  the  state  of  aggregation  of  either  or  both  of  the  com- 
ponents be  changed,  heat  which  was  latent  becomes  sensible,  and 
raises  the  temperature  of  the  compound  ;  or  heat  which  was 
sensible  becomes  latent,  and  lowers  it.  Thus,  when  a  solid  mixed 
with  a  liquid  is  dissolved  in  it,  the  solid  in  liquefying  absorbs 
and  renders  latent  the  same  quantity  of  heat  which  would  have 
been  necessary  to  melt  it.  This  heat,  being  abstracted  from  the 
sensible  heat  of  the  compound,  lowers  the  temperature.  This 
phenomenon  has  been  already  noticed  in  the  case  of  freezing 
mixtures. 


COMBUSTION.  415 

310.  Combiutloii. — But  of  all  the  cases  in  which  heat  is 
developed  by  chemical  combination,  the  most  important  are 
those  in  which  combustion  is  produced.  When  the  quantity  of 
heat  suddenly  developed  by  the  chemical  combination  of  two 
bodies  renders  the  compound  luminous,  the  bodies  are  said  to 
bum,  and  the  phenomenon  is  called  conHmstion,  To  the  pheno- 
menon of  combustion  popular  names  have  been  given,  such  as  : 

Jire ;  or,  flame. 

Flame  is  gas  rendered  white  hot  by  the  excessive  heat 
developed  in  the  combination  which  produces  it. 

It  happens  that,  among  the  infinite  variety  of  substances 
whose  combination  is  productive  of  this  class  of  phenomena,  one 
of  the  two  combining  bodies  is  almost  invariably  oxygen  gas.  A 
few  other  substances,  such  as  chlorine,  bromine,  and  iodine, 
produce  similar  effects  ;  but  in  all  ordinary  cases  of  combustion, 
and  universally  where  that  effect  is  resorted  to  as  a  source  of 
artificial  heat,  one  of  the  combining  substances  is  oxygen  gas. 

On  this  account  this  gas  has  been  called  a  supporter  of  com^ 
hustion. 

The  substances  which,  combining  with  it,  produce  the  phe- 
nomenon of  combustion,  are  called  combustibles. 

The  class  of  combustible  substances  which  are  commonly 
used  for  the  production  of  artificial  heat  is  called  fuel.  Such, 
for  example,  are  pit  coal,  charcoal,  and  wood. 

Another  class  of  combustibles  is  used  for  the  production  of 
artificial  light :  such,  for  example,  are  oil,  wax,  and  the  gas  ex- 
tracted from  certain  sorts  of  pit  coal,  from  oil,  wax,  and  from 
certain  sorts  of  wood,  such  as  the  pitch  pine. 

The  principal  constituents  of  all  these  combustibles,  whether 
used  for  the  production  of  heat  or  light,  are  those  denominated 
by  chemists  ca/rbon  and  hydrogen, 

311.  Carbon. — This  is  the  name  given  to  charcoal  when  it 
is  absolutely  piu'e,  which  it  never  is  as  it  is  obtained  by  the 
ordinary  industrial  processes.  It  is  in  that  state  combined  with 
various  heterogeneous  and  incombustible  substances.  In  the 
laboratories  of  chemists  it  is  separated  from  these,  and  obtained 
in  a  state  of  perfect  purity,  being  there  distinguished  from  the 
charcoal  of  commerce  by  the  name  carbon. 

Carbon,  having  never  been  resolved  by  any  chemical  agent 
into  other  constituents,  is  classed  in  chemistry  as  a  simple  and 
elementary  body,  which  enters  largely  into  the  composition  of  a 
numerous  class  of  bodies  which  are  found  in  nature,  or  pro- 
duced in  the  processes  of  industry,  the  sciences,  and  the  arts. 

A  quantity  of  charcoal  being  placed  in  a  furnace  through 
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which  a  draught  of  air  is  maintained,  if  a  part  of  it  be  heated  to 
redness,  the  entire  mass  will  soon  become  incandescent,  and 
will  emit  a  reddish  light,  which  will  be  whiter  as  the  air  i? 
pcossed  through  it  more  briskly,  and  wil^  emit  considerable  heat. 
The  charcoal  will  gradually  decrease  in  quantity,  and  at  length 
will  disappear  altogether  from  the  furnace,  under  which  a  small 
portion  of  ashes  consisting  of  incombustible  matter  will  remain. 

If  the  charcoal  had  been  pure — ^that  is,  if  it  had  been  carbon 

it  would  have  altogether  disappeared,  noash  whatever  remaining. 
This  phenomenon  is  an  example  of  combustion.     The  heat 
and  light  developed  during  the  process  here  described  are  com- 
monly called  fire. 

To  comprehend  what  takes  place  in  this  process,  we  must 
consider  that,  as  the  air  passes  through  the  charcoal,  the 
oxygen  gas,  which  forms  one-fifth  part  of  it,  enters  into  com- 
bination with  the  pure  carbon.  A  compound  is  thus  formed 
consisting  of  carbon  and  oxygen.  The  formation  of  this  com- 
pound is  attended  with  so  great  a  production  of  heat  that  not 
only  the  compound  itself,  but  the  charcoal,  from  which  it  is 
evolved,  is  raised  to  a  very  elevated  temperature. 

The  compound  thus  produced  is  a  gas  called  carbonic  acid. 
The  air  which  enters  the  furnace  being  a  mixture  of  nitrogen 
and  oxygen,  that  which  rises  from  it  after  the  combustion  has 
been  produced  is  a  mixture  of  nitrogen  and  carbonic  acid  ;  the 
nitrogen  having  passed  through  the  furnace  without  suffering 
other  change  than  an  increase  of  temperature,  while  the  oxygen 
has  been  converted  into  highly-heated  carbonic  acid. 

Several  questions,  however,  arise  out  of  this  explanation. 
How  is  it  known  that  such  combination  really  takes  place  be- 
tween the  carbon  and  oxygen  ?  If  it  do,  in  what  proportion  do 
they  combine  ?  How  does  it  appear  that  the  nitrogen,which  forms 
four-fifths  of  the  air  which  passes  through  the  furnace  issues 
unaltered  ? 

To  supply  satisfactory  answers  to  these  questions,  it  is  only 
necessary  to  bring  the  two  constituents  of  common  air  sepa- 
rately into  the  presence  of  carbon  under  the  conditions  neces- 
sary to  favoiu*  combination,  and  to  ascertain  their  weights 
before  and  after  the  development  of  the  phenomena. 

Let  a  glass  flask,  containing  thirty-two  grains  of  oxygen  gas, 
be  inverted  over  mercury,  as  represented  in^.  112,  and  let  apiece 
of  carbon  weighing  a  little  more  than  twelve  grains,  supported  in 
a  platinum  spoon,  be  introduced  into  it  by  means  of  a  piece  of 
bent  platinum  wire  ;  let  the  sun's  rays,  concentrated  by  means 
of  a  burning-glass^  be  then  directed  upon  the  carbon  through 
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the  glass  flask.  The  carbon  will  be  ignited  by  the  solar  heat, 
and  will  bum  in  the  oxygen  with  great  splendour.  When 
the  combustion  has  ceased  and  the 
gas  contained  in  the  flask  has  cooled, 
it  will  be  found  that  the  mercury  in 
the  neck  of  the  flask  will  stand  at 
exactly  the  same  elevation  as  it  did 
before  the  combustion.  The  gas  con- 
tained in  the  flask  has,  therefore,  the 
same  volume  as  before  ;  nevertheless 
it  is  easy  to  show  that  it  is  by  no 
means  the  same  gas. 

In  the  first  place,  if  it  be  weighed,  "** 

it  will  be  found  to  weigh  44  instead  of  32  grains  ;  and  if  the 
unbumed  residue  of  the  carbon  be  weighed,  its  weight  will  be 
found  to  be  1 2  grains  less  than  it  was  before  the  experiment. 
The  inference  is,  that  12  grains  of  the  carbon  have  combined 
with  the  32  grains  of  the  oxygen  previously  contained  in  the 
flask,  but  that  in  thus  combining,  the  carbon  has  not  made  any 
change  in  the  volume  of  the  gas. 

If  the  gas  contained  in  the  flask  be  examined  by  the  usual 
tests,  it  will  immediately  appear  that  it  is  no  longer  oxygen. 
No  combustible  will  bum  in  it,  and  it  will  not  support  life  by 
respiration.  In  fine,  it  will  be  found  to  be  identical  with  the 
noxious  gas  called  choke-damp,  and  to  possess  all  the  chemical 
characters  of  the  gas  called  carbonic  add. 

If  the  same  flask,  similarly  filled  with  nitrogen  gas 
be  submitted  to  a  like  experiment,  the  result  will  not  be  the 
same.  The  solar  rays  concentrated  on  the  charcoal  will  still 
render  it  red  hot,  but  it  will  not  bum  nor  undergo  any  other 
change.  On  removing  the  focus  of  solar  rays  from  it,  it  will 
become  gradually  cool,  and  when  removed  from  the  flask  will 
have  the  same  weight  as  when  introduced  into  it.  The  nitrogen 
which  fills  the  flask  will  also  be  found  to  be  unaltered. 

It  follows,  therefore,  that  the  fire  produced  when  carbon 
bums  in  common  air  is  nothing  more  than  the  heat  and  light 
developed  in  the  formation  of  carbonic  acid,  by  the  combination 
of  the  carbon  with  the  oxygen  of  the  surrounding  air,  and  that 
these  substances  combine  in  the  proportion  of  twelve  parts  by 
weight  of  carbon  to  32  of  oxygen. 

312.  Bydrogren. — Like  carbon,  this  is  classed  as  a  simple 
elementary  substance ;  and  also,  like  carbon,  enters  largely  into 
the  composition  of  a  numerous  class  of  bodies.     Hydrogen  com- 

E  B 
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bines  with  oxygen  in  the  proportion  of  one  part  by  weight  of 
the  former  to  eight  of  the  latter  to  form  water,  and  if  the  com- 
bination be  formed  in  a  pure  or  nearly  pure  atmosphere  of  the 
gases  it  is  instantaneous,  and  accompanied  by  an  explosion.  If, 
however,  the  combination  take  place,  as  it  may,  in  common  air, 
the  phenomena  will  be  very  different. 

If  pure  hydrogen,  compressed  in  a  bladder  or  other  re- 
servoir, be  allowed  to  issue  from  a  small  aperture,  a  light 
applied  to  it  will  cause  it  to  be  inflamed.  It  bums  tranquilly 
i^-ithout  explosion,  producing  a  pale  yellowish  flame  and  very 
feeble  light,  but  intense  heat.  This  is  the  effect  attending  the 
gradual  and  continual  combination  of  the  hydrogen,  as  it 
escapes  from  the  aperture,  with  the  oxygen  of  the  surrounding 
air.  It  may  be  asked  why  the  hydrogen  iwniiTig  from  the 
aperture  does  not  combine  with  the  oxygen  of  the  air  without 
the  application  of  a  flame  to  it  1  And  also  why,  being  once  in- 
flamed by  the  application  of  such  a  body,  its  continued  applica- 
tion becomes  unnecessarv  1 

These  questions  are  easily  answered.  The  hydrogen  gas  has 
an  affinity  or  attraction  for  oxygen,  which  is  not  strong  enough 
to  cause  their  combination  at  common  temperatures  ;  but  when 
the  temperature  of  the  hydrogen  is  greatly  elevated,  its 
attraction  for  the  o«ygen  becomes  so  exalted,  that  it  enters 
into  instant  and  spontaneous  combination  with  it.  Now,  by 
applying  the  flame  of  a  lamp  or  candle,  or  any  other  burning 
body,  to  the  jet  of  hydrogen,  its  temperat\u*e  bea)mes  so  greatly 
raised,  and  its  attraction  for  oxygen  consequently  so  exalted, 
that  it  enters  directly  into  combination  with  the  oxygen  of  the 
air  which  is  in  immediate  contact  with  it  at  the  moment. 

But  it  is  also  asked  how  the  continuance  of  the  combination 
and  the  consequent  maintenance  of  the  flame  takes  place — the 
candle  or  lamp  which  produced  its  commencement  being  with- 
drawn ?  This  is  explained  by  the  great  quantity  of  heat  pro- 
duced by  the  combination  of  the  hydrogen  with  the  oxygen. 
The  commencement  of  the  combination  being  produced  by  the 
candle  or  lamp,  the  hydrogen  and  oxygen  themselves,  in  the 
act  of  combining,  develop  an  intense  heat,  and  the  succeeding 
portion  of  hydrogen  gas,  being  in  contact  with  them,  becomes 
heated,  and  combines,  like  the  former,  with  a  fresh  portion  of 
oxygen.  In  the  same  manner,  the  heat  developed  by  these 
being  shared  by  the  succeeding  portion  of  gas,  a  further  com- 
bination and  development  of  heat  takes  place,  and  bo  on. 
-Thiuiy  the  combustion  being  once  commenced,  the  heat  neces- 
lor  its  maintenance  and  continuance  is  developed  in  the 
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process  itself,  which  accordingly  goes  on  without  the  necessity 
of  the  substance  being  again  kindled  by  the  application  of  any 
flame. 

The  continuance  of  the  combustion  of  carbon,  whether  in 
pure  oxygen  gas  or  in  common  air^  is  explained  in  the  same 
manner. 

313.  Flame. — The  combustion  of  carbon  differs  from  that 
of  hydrogen  in  this,  that  the  former  takes  place  without  the 
production  of  flame.  The  charcoal  being  heated  to  redness^ 
and  still  in  the  solid  form,  enters  directly  into  combination 
with  the  oxygen  of  the  surrounding  air,  and  the  carbonic  acid 
which  is  formed,  being  a  gas  which  is  not  luminous  nor  visible, 
simply  disappears  with  the  carbon.  But  in  the  case  of  hydrogen, 
the  heat  produced  by  the  combustion  is  so  intense  as  to  render 
the  gas  itself  luminous,  just  as  intense  }ieat  will  render  a  mass 
of  iron  red  hot  or  white  hot.  When  gas  becomes  thus  luminous, 
it  is  called  fl^me. 

Flame,  therefore,  must  be  understood  to  be  nothing  more 
than  matter  in  the  aeriform,  gaseous,  or  vaporous  state, 
rendered  so  intensely  hot  as  to  become  incandescent,  and 
to  emit  light,  just  as  would  a  bar  of  iron  taken  from  a 
furnace. 

It  is  easy  to  show  that  the  prx)duct  of  the  combustion  of 
hydrogen  is  the  vapour  of  water,  which,  by  exposure  to  cold, 
can  be  reduced  to  the  liquid  state. 

If  a  glass  jar  be  held  over  a  jet  of  inflamed  hydrogen,  as 
represented  in  fig.  113,  the  aqueous  vapour  formed  by  the  cora- 


Fig.  113. 

bination  of  the  hydrogen  with  the  oxygen  of  the  surrounding 
air  will  be  condensed  upon  the  inside  of  the  jar,  and  wiU 
appear  first  as  a  cloudy  dew  upon  it,  and,  as  the  process  is 
continued,  it  will  increase  in  quantity,  and,  trickling  down  the 
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side  of  the  jar,  may  be  received  in  drops  by  a  dish  placed 

beneath  it. 

As  we  have  stated  above,  the  principal  constituents  of  every 
species  of  combustible,  whether  used  for  heating  or  lighting, 
are  carbon  and  hydrogen,  and  the  products  of  their  combustion 
are  therefore  generally  carbonic  acid  and  water,  the  latter  being 
evolved  in  the  form  of  vapour. 

It  happens,  however,  rarely  that  the  hydrogen  is  evolved 
in  the  uncombined  state.  It  is  more  generally  combined  with 
certain  proportions  of  carbon,  forming  compound  gases  called  in 
general  hydro-carbons.  These  gases  bum  with  a  much  whiter  and 
more  luminous  flame  than  that  of  pure  hydrogen,  and  they  are 
therefore  much  better  fitted  for  the  purpose  of  illumination. 

That  the  flame  owes  its  whiteness  and  illuminating  power  to 
the  carbon  with  which  the  gas  is  charged  is  proved  by  the  fact 
that  the  more  carbon  the  gas  is  charged  with  the  whiter  and 
brighter  is  the  flame. 

Of  the  more  important  hydro-carbons  to  be  studied  in 
relation  to  flame^  there  are  two  kinds,  one  of  which  contains 
twice  as  much  carbon  as  the  other  :  the  one  with  less  carbon  is 
called  light  carburetted  hydrogen  or  marsh-gas,  and  the  other 
heavy  carburetted  hydrogen,  or  olefiant  gas. 

In  light  carburetted  hydrogen  12  parts,  by  weight,  of  carbon 
are  cfwaibined  with  4  of  hydrogen,  and  heavy  carburetted 
hydrogen  contains  twice  that  proportion  of  carbon. 

Light  carburetted  hydrogen  is  a  little  more  than  half  the 
weight  of  its  own  bulk  of  common  air.  When  pure,  it  has  no 
odour ;  and  it  bums  with  a  yellowish  flame  much  more  luminous 
than  that  of  pure  hydrogen.  Like  pure  hydrogen,  it  forms  a 
highly  explosive  mixture  when  combined  in  a  certain  propor- 
tion with  common  air,  or,  more  properly,  with  the  oxygen  of 
common  air,  since  the  nitrogen  has  no  influence  on  the  pheno- 
menon. 

It  is  this  gas  which,  under  the  name  of  fire-damp,  produces 
occasionally  such  disastrous  explosions  in  coal  mines.  Being 
contained  in  large  quantities  in  the  fissures  and  interstices  of 
the  seams  of  coal,  it  issues  from  them  in  the  workings  of  the 
mines,  and,  being  one-half  lighter  than  common  air,  it  first 
collects  at  the  top  of  the  working.  After  a  certain  time,  by  diffu- 
sion, a  common  property  of  all  gases,  it  mixes  with  the  air,  and 
attains  occasionally  that  proportion  which  renders  it  explosive. 
If  a  light  be  brought  into  it  in  this  state  an  explosion  takes 
place,  producing  those  destructive  consequences  to  the  opera- 
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tives  who  happen  at  the  moment  to  be  present,  with  the  details 
of  which  everybody  has  been  so  often  rendered  familiar. 

This  gas  is  alno  that  which,  over  marshy  ground  and  in 
stagnant  pools,  is  produced  by  the  decomposition  of  vegetable 
and  animal  matter.  It  is  easy  to  verify  this  by  actually 
collecting  the  gaa  from  any  stagnant  pool.  For  this  purpuee, 
take  a  common  funnel  used 
for  decanting  liquors,  and 
a  bottle  or  beer-glass  ;  im- 
merse the  latter  in  the  water, 
and  when  it  is  filled,  invert 
it  under  the  water  and  raiae 
it  above  the  surfatse,  keeping 
the  mouth  under  the  water. 
Then  bring  the  inverted  fun- 
nel under  its  mouth,  the 
neck  entering  the  bottle  <»  Fig.  114. 

glass ;    agitate    the    funnel, 

and  the  gaa  will  rise  from  the  water  in  bubbles,  and  will  collect 
in  the  upper  part  of  the  bottle  or  glass. 

The   manner   of  performing  this   experiment  is  shown  in 

fig-  114. 

When  the  gas  is  thus  collected,  itn  infiammable  nature  may 
be  ascertained  by  applying  a  light  to  it  ae  it  issuea  from  the 
bottle. 

Heavy  carburetted  hydrogen  bums  with  a  much  whiter 
and  more  luminous  flame.  Its  weight  is  very  nearly  equal  to 
that  of  common  air,  and,  therefore,  nearly  double  that  of  the 
light  carburetted  hydrogen  ;  hence  it  has  acquired  the  epithet 
'  heavy.' 

The  products  of  the  combustion  of  both  kinds  of  carburetted 
hydrogen  are  carbonic  acid  and  water,  the  former  proceeding 
from  the  combination  of  the  carbon,  and  the  latter  from  that  of 
the  hydrogen  with  the  oxygen  of  the  air. 

These  points  being  understood,  it  will  be  easy  to  render 
intelligible  the  efiects  which  are  developed  in  all  ordinary  cases 
in  which  fire  or  combvMion  takes  place. 

The  species  of  combustible  used  ss  fuel  with  which  we  are 
most  familiar  in  this  country  is  pit  eooi. 

This  substance,  exclusive  of  some  eztraneoos  and  incom- 
bustible mineral  ingredients  which  it  contains  in  very  small 
^oportions,  consists  essentially  of  carbon,  hydrogen,  oxygen, 
and  nitrc^en. 
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The  proportion  of  carbon  Taries  in  different  sorts  of  coal 
from  80  to  90  per  cent. ,  the  hydrogen  varying  from  3  to  6  per 
cent.,  and  the  remainder  consisting  of  oxygen  and  nitrogen. 

In  the  heavy  coal  of  Wales,  called  anthracite,  the  propor- 
tion of  carbon  is  above  90  per  cent.,  while  that  of  the  hy- 
drogen is  only  3  or  4  per  cent.  In  the  bituminous  coal  of 
Northumberland  the  proportion  of  carbon  is  about  87  per  cent., 
and  that  of  hydrogen  from  5  to  6  per  cent. 

When  a  fire  composed  of  such  fuel  is  properly  kindled  and 
supplied  with  a  draught  of  air  necessary  to  sustain  the  combus- 
tion, the  carbon  will  continue  to  combine  with  its  proper  pro- 
pr>rtion  of  oxygen,  producing  the  corresponding  quantity  of 
heated  carbonic  acid,  and  rendering  the  solid  part  of  the  fuel 
red  and  luminous ;  and  the  hydrogen  will  at  the  same  time 
combine  with  the  respective  proportion  of  oxygen,  producing 
watery  vapour,  and  rendering  the  gases  as  they  issue  from  the 
fuel  luminous,  or,  what  is  the  same,  converting  them  into  flame. 

The  flame  will  be  faintly  luminous  and  bluish  if  any  part  of 
the  gases  be  pure  hydrogen  ;  it  wiU  be  yellowish  and  a  little 
more  luminous  if  they  be  light  carburetted  hydrogen ;  and  it 
will  be  very  white  and  very  limiinous  if  they  be  heavy  car- 
buretted hydrogen. 

Thus  all  the  phenomena  exhibited  by  a  common  coal  fire — 
the  red  unfiaming  fuel — the  faint  blue  flames  occasionally  seen 
— and,  in  fine,  the  white  brilliant  flame  which  most  commonly 
issues  from  the  fissiu'es  of  the  coal,  are  severally  explained  and 
accounted  for. 

314.  Products  of  Combustion. — It  has  been  shown  that  in 
combustion  1 2  parts,  by  weight,  of  carbon  combine  with  32  of 
oxygen,  or,  what  is  the  same,  i  part  with  2§.  It  has  also  been 
Hhown  that,  in  the  combustion  of  hydrogen,  2  parts  by  weight  of 
that  gas  combine  with  16  of  oxygen.  Now,  by  these  simple 
numerical  data  may  be  easily  explained  the  effects  of  a  common 
coal  fire  upon  the  air  which  feeds  and  sustains  it. 

It  is  thus  found  that  in  burning  10  lb.  of  coal  the  oxygen 
contained  in  1551  cubic  feet  of  air  is  altogether  absorbed. 

To  keep  the  atmosphere  of  a  room  in  which  a  fire  of  such 
coal  is  burned  fresh  and  pure,  it  would  be,  therefore,  necessary 
to  supply  fresh  air  at  the  rate  of  155  cubic  feet  for  every  pound 
of  coal  which  is  burned.  ^ 

*  In  the  preceding  explanation  we  have  omitted  to  take  into  account 
the  effect  of  a  small  proportion  of  oxygen  which  enters  into  the  composition 
of  coal.  This,  however,  is  not  important  for  our  consideration,  and  it  would 
b6  needless  to  complicate  the  calculation  by  introducing  it. 
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Wood  is  a  combustible  generally  used  for  the  production  of 
artificial  heat  in  countries  where  coal  is  not  so  cheap  and 
abundant  as  in  England.  This  fuel,  like  coal,  consists  prin- 
cipally of  carbon  and  hydrogen  in  various  proportions,  accord- 
ing to  the  sort  of  wood.  All  kinds  of  wood  contain  also  a  pro- 
portion of  oxygen,  as  a  constituent,  much  greater  than  is  found 
in  coal. 

The  following  small  table  will  best  show  the  relative  per- 
centage composition  of  wood  and  other  kinds  of  fuel : — 


Carbon 

Hydrogen 

Nitrogen 

and 
Oxygen 

Woody  fibre 

Peat  from  the  Shannon     . 
Lignite  from  Cologne 
Earthy  coal  from  Dax 
Wigan  Cannel  . 
Newcastle  Hartley    . 
Welsh  anthracite 

per  cent. 
52-65 
60 -02 
66-96 
74-20 
85-81 
88-42 
94-05 

per  cent. 
5-25 
5-88 
5-25 
5-89 
5-85 
5-61 

3-38 

per  cent. 
42-10 
34-10 

2779 
19-91 

8*34 
5*97 
2*57 

Wood,  when  green,  contains  a  considerable  proportion  of 
water.  In  the  combustion  of  such  wood  a  large  proportion  of 
the  heat  developed  is  absorbed  in  the  evaporation  of  this  water, 
and  is,  therefore,  lost  for  heating  purposes.  Wood  used  as  fuel 
should,  therefore,  be  kept  until  this  water,  or  the  chief  part  of 
it,  has  been  evaporated.  For  the  same  reason,  wood  kept 
for  fuel  should  be  as  little  exposed  to  moisture  or  damp  as 
possible. 

All  fatty,  oily,  and  waxy  substances  are  combustible, 
whether  in  the  liquid  or  solid  state.  They  consist  of  the  same 
constituents  as  coal  and  wood,  but  combined  somewhat  differ- 
ently and  in  different  proportions.  Most  substances  of  this 
class,  burning  with  a  flame  of  more  or  less  brilliancy,  are  used 
for  the  purposes  of  artificial  illumination. 

Whale,  sperm,  olive,  and  cocoa-nut  oils,  wax,  spermaceti, 
and  tallow  are  examples  of  this  class  of  combustibles. 

Whatever  be  the  sort  of  combustible,  or  whatever  be  the 
purpose  to  which  it  is  applied,  whether  for  heating  or  lighting, 
it  will  be  evident  from  the  explanations  which  have  been  here 
given,  that  the  combustion  cannot  be  maintained  with  the 
necessary  activity,  unless  expedients  be  provided  for  the  supply 


424  PBAOTIOAL  APPLICATIONS  OF  EFFECTS  OF  HEAT. 

of  the  quantity  of  oxygen  which  muat  enter  into  combination 
with  it. 

315.  C  o  astr  no  tl  on    of 

rates. — The  construction  of 
grates,  stoveB,  and  chimneys  is, 
therefore,  designed  to  attain 
this  end  by  causing  such  a 
Tolume  of  common  air  to  pass 
through  the  fuel  as  is  necessary 
and  sufficient   to   combine  with 

The  more  air  which  thus 
psssea    through    tlie  fuel,    the 

e  rapid  and  abundant  will 
be    the  combination,  and    the 

e  active  and  vivid  the  com- 
bustion. 

The  current  of  air  which 
p^ses  through  a  common  grate 
i  produced  by  the  draught  of 
the  chimney.  The  column  of 
:  included  in  the  chimney, 
being  raised  to  a  higher  tempera- 
ture than  that  of  the  estemal  air, 
s  rarefied  and  lighter,  bulk  for 
bulk,  than  the  external  air,  and 
has,  therefore,  a  tendency  to 
ascend  like  that  which  oil  would 
have  in  water.  As  it  ascends 
the  air  from  the  room  must  rush 

>  fill  its  place.     A  part  of 

air  will  pass  through  the 
bottom  and  front  of  the  grate, 
and  a  part  will  enter  at  the 
opening  of  the  fire  -  place 
the  grate.  This  will 
be  more  easily  understood  from 

13.     The  front  of  the  grate 

B,    and   the   bottom   B  c, 

having  the  ash-pit  below  it  The 

iug  over  the  grate  is  a  I, 
and  E  ?  o  B  is  the  fine  of  the 
chimney.  The  ascensional  force 
^-  "5-  of  the  column  of  air  in  the  flue 

is  measured  by  the  difference  between  ite  weight  and  that  of 
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an  equal  volume  of  the  external  air.  The  air  which  replaces  that 
which  ascends  in  the  flue  enters  the  bottom  b  c,  the  front  b  a  of 
the  grate  and  the  opening  a  i  above  it,  as  indicated  by  the 
arrows.  The  former  portions,  passing  through  the  burning 
fuel,  supply  to  it  the  oxygen  gas  necessary  to  combine  with 
it,  and  thus  maintain  the  combustion.  These  portions,  after 
passing  through  the  interstices  of  the  fuel,  and  after  the  oxygen, 
or  a  part  of  it,  has  combined  with  the  fuel,  issue  from  the 
top  of  the  fuel,  being  then  a  mixture  of  nitrogen,  such  portion 
of  oxygen  as  may  not  have  combined  with  the  fuel,  carbonic 
acid  and  aqueous  vapour,  the  two  last  being  the  products  of  the 
combination  of  the  oxygen  with  the  carbon  and  the  hydrogen  of 
the  fuel. 

All  these  gases  issuing  from  the  burning  fuel  at  a  high 
temperature,  and  mixing  with  the  cold  air  which  enters  the 
chimney  through  the  opening  a  i,  render  the  column  of  air  in 
the  flue  so  warm  as  to  give  it  the  buoyancy  necessary  to  sustain 
the  draught. 

When  the  fire  is  first  kindled  in  the  grate,  if  the  air  in  the 
chimney  have  the  same  temperature  as  the  external  air,  it 
will  have  no  buoyancy,  and  there  will  be  no  draught.  In  this 
cAse  the  chimney  will  generally  be  found  to  smoke.  This  incon- 
venience may  be  sometimes  removed  by  opening  the  windows, 
so  as  to  fill  the  room  with  air  as  cold  as  the  external  air,  and 
therefore  colder  than  the  air  in  the  chimney.  If,  however,  this 
be  found  insufScient,  the  air  in  the  flue  may  be  warmed  and  the 
necessary  draught  produced  by  holding  under  the  chimney  any 
blazing  combustible. 

The  draught  through  the  grate  may  be  greatly  increased  in 
intensity  by  stopping  up,  either  partially  or  completely,  the 
opening  a  i.  By  this  expedient  all  the  air  necessary  to  replace 
that  which  ascends  in  the  chimnej;  must  pass  through  the  fuel 
in  the  grate.  If  the  magnitude  of  the  opening  be,  for  example, 
three  times  the  magnitude  of  the  front  and  bottom  of  the  grate, 
four  times  as  much  air  will  thus  pass  through  the  fuel  as  would 
pass  through  it  when  the  opening  a  i  is  not  closed,  supposing 
the  draught  in  the  chimney  to  be  the  same  in  both  cases. 

But,  in  fact,  the  draught  in  the  chimney  will  be  greatly  aug- 
mented by  this  process  ;  for,  so  long  as  the  opening  a  i  is  not 
closed,  the  air  which  fills  the  chimney  will  consist  of  a  mixture  of 
that  which  passes  through  the  burning  fuel,  which  is  raised  to  a 
high  temperature,  and  the  much  larger  portion  which  passes  into 
the  chimney  through  the  opening  a  i,  and  which,  being  cold, 
lowers  the  temperature,  and  therefore  diminishes  the  buoyancy 
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of  the  air  in  the  chimney.  But  when  all  the  air  which  passes 
through  A  I,  by  closing  that  opening,  is  made  to  pass  through 
the  burning  fuel,  it  is  raised  to  a  high  temperature,  which,  not 
being  lowered  by  admixture  with  any  air  not  passing  through 
the  fuel,  fills  the  chimney  with  air  raised  to  a  very  elevated 
temperature,  and  which  therefore  produces  in  the  chimney  a 
much  stronger  upward  current. 

Thus  the  effect  of  closing  the  opening  a  i  is  to  stimulate  the 
fire,  not  only  by  causing  to  pass  through  it  all  the  air  which 
previously  entered  the  opening  a  i,  but  aLso  by  augmenting  the 
draught  in  the  chimney. 

From  what  has  been  explained  above,  it  will  be  perceived 
that  an  open  fire-place,  such  as  is  represented  in^.  115,  serves 
the  double  purpose  of  warming  and  ventilating. 

All  the  air  which  enters  the  chimney,  whether  it  passes 
through  the  grate  or  through  the  opening  above  the  grate,  must 
be  replaced  by  an  equal  volume  of  fresh  air  from  without,  which 
must  find  its  way  through  the  interstices  of  doors  and  windows, 
or  through  other  openings  provided  expressly  for  its  admission. 
That  part  of  the  air  which  passes  through  the  grate  subserves 
the  double  purpose  of  warming  and  ventilation.  It  warms  by 
stimulating  and  maintaining  the  combustion  of  the  fuel,  and  it 
ventilates  by  leaving  in  the  room  a  void  into  which  an  equal 
volume  of  fresh  air  must  enter.  That  portion  of  air  which  enters 
the  chimney  through  the  opening  above  the  grate  has  no  effect, 
direct  or  indirect,  in  warming,  but  its  effect  in  ventilating  is  just 
so  much  greater  than  that  of  the  air  which  passes  through  the 
grate,  as  the  magnitude  of  the  opening  above  the  grate  is  greater 
than  the  magnitude  of  the  spaces  between  the  bars  in  the  front 
and  bottom  of  the  grate. 

The  necessity  for  ventilation  is  so  much  the  greater  as  the 
room  is  smaller  and  lower,  and  as  the  causes  of  the  pollution  of 
its  air  are  more  numerous  and  active.  The  air  of  a  room  is 
deprived  of  its  oxygen,  and  rendered  unfit  for  respiration  by 
several  causes.  Each  person  who  is  present  in  the  room  absorbs 
oxygen  by  respiration.  It  is  calculated  that  an  adult  of  average 
size  absorbs  about  a  cubic  foot  of  oxygen  per  hour  by  respira- 
tion, and  consequently  renders  five  cubic  feet  of  air  unfit  for 
breathing.  It  is  also  computed  that  two  wax  or  sperm  candles 
absorb  as  much  oxygen  as  an  adult.  It  follows,  therefore,  that 
to  keep  the  air  of  a  room  pure,  five  cubic  feet  for  every  person, 
and  two  and  a  half  cubic  feet  for  every  candle  in  the  room  should 
pass  per  hour  into  the  chimney,  or  through  some  other  opening, 
and  an  equal  volume  of  fresh  air  should  be  admitted. 
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Plants  give  out  oxygen  by  day,  but  absorb  it  by  night. 
Their  presence  in  a  room  by 
day  is,  therefore,  innocuous, 
but  at  night  they  have  the 
effect  of  polluting  the  air,  and 
should  never  be  admitted  except 
where  there  are  ample  means 
of  ventilation. 

A  crowded  room,  illumi- 
nated with  many  candles  and 
lamps,  and,  as  generally  hap- 
pens, without  a  fire,  soon  be- 
comes filled  with  air  in  which 
there  is  a  deficient  proportion 
of  oxygen,  and  a  corresponding 
volume  of  carbonic  acid,  unless 
means  be  provided,  which  is 
rarely  the  case,  for  other  venti- 
lation besides  that  of  the  chim- 
ney. Hence  it  arises  that  per- 
sons of  delicate  habits,  especially 
those  whose  lungs  are  defective, 
in  such  a  room,  soon  become 
sensible  of  general  uneasiness, 
and  are  often  affected  with  head- 
ache. 

The  manner  in  which  the 
flame  of  lamps  and  candles  is 
produced  and  maintained  will 
require  some  explanation. 

When  a  candle  is  lighted, 
the  heat  developed  at  the  ex- 
tremity of  the  wick  melts  the 
wax  or  tallow  immediately  be- 
low it,  and,  thus  liquefied,  it 
is  drawn  up  through  the  inter- 
stices of  the  wick  by  what  is 
called  capillary  attraction. 
When  it  comes  in  contact  with 
the  flame,  it  boils,  and  is  conver- 
ted into  vapour,  which  rises  over 
the  wick.  This  vapour  having 
a  very  high   temperature,  and 


Fig.  X16. 


exercising  a  strong  attraction  for  the  oxygen  of  the  surrounding 
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air,  enters  into  combination  with  it,  and,  becoming  Inminona, 
fonna  the  flame  around  and  above  the  wick.  Within  the 
flame  arisefl  a  constant  current  of  the  vapour  of  the  combus- 
tible, and  outside  it  currents  of  air  carry  to  the  surface  of  the 
flame  the  oxygen  which  produces  the  combustion  and  the 
light.  The  combustible  vapour  and  the  oxygen  meeting  at 
the  surface  of  the  flame,  there  enter  into  combination,  and  the 
vapour  bums.  Within  the  flame  no  combustion  takes  place, 
and  no  light  is  produced. 

In  jig.  Ii6  the  wick  and  flame  are  represented.  Within 
the  flame  currents  of  combustible  vapour  proceed  from  the 
wick  to  all  parts  of  the  surface  of  the  flame.  The  arrows  at  the 
sides  of  the  flame  outside  its  surface  represent  the  currents  of 
the  surrounding  air  produced  by  the  heat  of  the  flame.  The 
oxygen,  being  attracted  by  the  intensely  heated  combustible 
vapour,  approaches  it,  and,  by  combining  with  it,  sustains  the 
combustion  and  produces  the  light.  The  arrows  above  the 
flame  indicate  the  current  of  heated  air,  carbonic  acid  and 
aqueous  vapour,  the  products  of  the  combustion,  which  form  an 
ascending  column  above  the  flame. 

It  will  be  apparent  from  what  has  been  here  stated,  that 
the  luminous  part  of  the  flame  is  merely  superficial.  The  va- 
pour within  the  surface  of  the  flame  not  having  yet  come  into 
contact  with  the  oxygen,  and  therefore  not  having  entered  into 
combustion,  cannot  be  luminous.  The  flame,  therefore,  so  far  as 
relates  to  light,  is  hollow,  or  rather  it  is  a  column  of  com- 
bustible vapour,  the  surface  being  the  only  part  which  bums, 
and  therefore  the  only  part  which  is  luminous.  As  this  vapour 
ascends  from  the  interior  of  the  flame  it  comes  successively  into 
contact  with  the  oxygen  of  the  air,  is  burnt,  and  becomes 
luminous,  the  column  of  light  gradually  contracting  in  diameter 
until  it  is  reduced  to  a  point.  The  flajne  thus  tapers  to  a  point 
until  all  the  vapour  produced  by  the  boiling  matter  on  the 
wick  receives  its  due  complement  of  oxygen,  and  passes  off.  It 
speedily  loses  that  high  temperature  which  renders  it  limiinous, 
and  the  flame  terminates. 

In  lamps  of  various  construction,  expedients  are  adopted  to 
increase  the  magnitude  of  the  luminous  surface  of  the  flame,  and 
the  intensity  of  the  combustion.  This  is  eflected  by  modifying 
the  form  and  magnitude  of  the  wick,  by  feeding  it  with  an  abun- 
dant supply  of  oil,  and  by  maintaining  strong  and  steady  currents 
of  air  at  all  parts  of  its  surface  to  sustain  the  combustion. 

The  most  common  form  of  wick  used  for  lamps  of  strong 
illuminating  power,  is  that  of  a  hollow  cylinder,  varying  from 


an  inch  to  three  inchea  in  cinmmferenoe.     Thia  wick,  being 

attached  at  it«  base  to  a  small  _ 
thin  ring  of  metal,  is  let  down 
into  the  reaerToir  of  oil,  throt)gh 
a  apace  included  between    two 
concentric  tubes,  one  of  which 
haa  a  less  diameter  than   the 
other,  the  apace  between  them 
being  a  little  wider  than  the  thick- 
neas  of  the  wick.     The  wick  is 
usually  from  two  and  a  half  to 
three  inches  long,  and  descenda 
through  this  apace  between  the 
tubes  to  a  certain  depth.    Thia 
space   communicates    with    the 
reservoir  of  oil  from  which  the 
oil  is  forced   up  either  bj  the 
action  of  a  pump  worked  by  a 
main-apring,  through  the  inter- 
vention of  wheelwork,  aa  in  the 
Carcel  lamp,    or    by   the  more 
direct  action  of  a  strong  spiral 
spring,    as    in    the    Moderator 
lamp,  or  by  the   presmre  of  oil 
contained  in  a  reservoir  above 
the  level  of  the  wick,  as  in 
old  English  ring-lam)i,  called  the 
Sinumbral  lamp,  and  a  variety 
of  other  forms  constructed  < 
the  like  principle.     A  more  d 
tailed  description  of  the  hydr 
statical  principles  involved 
lamp-construc^on  is  given  in  tl 
treatise  on  Htdbostaiics  in  tl 
series,  page  2S4  to  291. 

The  flame  issuing  from  audi 
a  wick  is  obviously  a  hollow 
cylinder,  and  reqaires  to  be  fed 
with  air,  both  at  its  eitorior  and 
interior  surfaces.  A  current  of 
air  in  contact  with  the  interior 
surface  of  the  flame  is  main-  ^. 

tained  by  carrying  the  leaser  of 
the  two  tubes,  between  which  the  wick  is  included,  down  through 
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internal  tube  c  c,  passing  in  contact  with  the  internal  surface  of 
the  flame  as  indicated  by  the  arrows.  The  cylindrical  flame, 
ascending  from  the  wick  is  represented  at  a  m  c  n,  and  the 
course  of  the  ascending  column  in  the  chimney  is  represented 
by  arrows. 

316.  Temperature  necessary  for  oombiutloii. — The  tem- 
perature necessary  to  produce  combustion  is  different  for 
different  substances ;  phosphorus  combines  with  oxygen,  and 
burns  in  the  atmosphere,  if  raised  to  about  60°  C.  Hydrogen  gas 
will  not  bum  till  raised  to  incandescence.  According  to  Sir  H. 
Davy,  the  temperatures  necessary  for  the  combustion  of  the 
several  combustibles  here  named  are  in  the  following  order  : — 


1.  Phosphorus. 

2.  Phosphoretted  hydrogen. 

3.  Hydrogen  and  chlorine. 

4.  Sulphur. 

5.  Hydrogen  and  oxygen. 

6.  Olefiant  gas. 


7.  Sulphuretted  hydrogen. 

8.  Alcohol. 

9.  Wax. 

10.  Carbonic  oxide. 

11.  Carburetted  hydrogen. 


If  a  jet  of  hydrogen  gas  be  directed  upon  a  small  mass  of 
spongy  platinum,  the  metal  will  become  incandescent,  and  will 
continue  so  as  long  as  the  gas  acts  upon  it,  without,  however, 
suffering  any  permanent  change.  The  jet  of  hydrogen  is  ignited 
by  the  red-hot  spongy  metal. 

An  apparatus  for  producing  an  instantaneous  light  has  been 
contrived  on  this  principle.  By  turning  a  stop-cock  communi- 
cating with  a  small  bottle  in  which  the  gas  is  generated  in  the 
usual  way,  the  jet  of  gas  is  thrown  upon  a  small  cup  containing 
the  spongy  metal,  which,  immediately  becoming  incandescent, 
ignites  the  jet  of  hydrogen  directed  upon  it,  which  thus  is 
capable  of  lighting  a  match. 

Some  other  metals — palladium,  iridium,  and  rhodium — 
appear  to  be  susceptible  of  the  same  effect. 

This  effect  is  explained  by  the  power  of  many  substances  in 
a  state  of  minute  division  of  absorbing  and  condensing  a  great 
quantity  of  gaseous  matter  within  their  pores.  In  this  case  the 
spongy  platinum  is  supposed  to  condense  a  vast  amount  of 
oxygen  from  the  air,  and  if  hydrogen  be  presented  to  the  con- 
densed gas,  the  two  gases  will  be  placed  in  such  intimate  con- 
tact that  their  cheiaical  afl&nity  will  act,  and  they  will  combine 
to  form  water.  The  heat  thus  liberated  is  sufiicient  to  make  the 
platinum  tinder  red  hot,  and  so  to  inflame  the  hydrogen  which 
subsequently  issues  from  the  jet. 

317.  Quantity  of  beat  developed  by  combustibles. — The 
determination  of  the  quantity  of  heat  evolved  by  different  com- 


432  PRACTICAL  APPLICATIONS  OF  EFFECTS  OF  HEAT. 

bustibles  is  a  question  not  only  of  great  scientific  interest,  but 
of  considerable  importance  in  the  arts  and  manufactures.  The 
mutual  relation  between  the  quantities  of  the  combustible,  the 
oxygen,  and  the  heat  developed,  if  acciurately  ascertained,  could 
not  fail  to  throw  light,  not  only  on  the  theory  of  combustion, 
but  on  the  physics  of  heat  in  general.  In  the  arts  and  manu- 
factures, the  due  selection  of  combustible  matter  depends  in  a 
great  degree  upon  the  quantity  of  heat  developed  by  a  given 
weight  in  the  process  of  combustion. 

Nevertheless,  there  is  no  part  of  experimental  physics  in  which 
the  process  of  investigation  is  attended  with  greater  difficulties. 
Experiments  were  made  on  certain  combustibles  by  Lavoisier 
and  Laplace, by  burning  them  in  their  calorimeter,  and  observing 
the  quantity  of  ice  dissolved  by  the  heat  which  they  evolved. 
Drs.  Dalton  and  Crawford,  Count  Kumford  and  Despretz,  as 
well  as  Sir  H.  Davy,  made  various  experiments  with  a  like 
object.  It  was  not,  however,  until  the  subject  was  taken  up 
by  Dulong  that  any  considerable  progress  in  discovery  was 
made.  Unhappily,  that  eminent  experimental  inquirer  died 
before  his  researches  were  completed.  Much  valuable  informa- 
tion has  been  collected  from  his  unfinished  memoranda.  The 
inquiry  has  since  been  resumed  by  MM.  Favre  and  Silber- 
mann,  and  has  been  prosecuted  with  much  zeal  and  success 
by  many  physicists.  The  estimates  which  the  two  last- 
mentioned  observers  have  obtained  of  the  quantities  of 
heat  developed  in  the  combustion  of  various  substances  are 
found  to  be  in  general  accordance  with  those  which  appear  to 
have  been  obtained  by  Dulong,  in  the  case  where  they  have 
operated  on  the  same  combustible.  Thus,  in  the  case  of 
hydrogen,  the  most  important  of  the  substances  under  inquiry, 
Dulong  found  the  heat  developed  to  be  expressed  by  34601  ; 
while  MM.  Favre  and  Silbermann  estimated  it  at  34462,  with 
relation  to  the  same  thermal  unit. 

In  the  following  table-  is  given  the  heat  developed  in  the 
combustion  of  the  substances  named  in  the  first  column ;  the 
thermal  unit  being  the  heat  necessary  to  raise  a  weight  of 
water  equal  to  that  of  the  combustible,  one  degree  of  the  scale  ' 
of  Fahrenheit's  thermometer  : — 


COMBUSTION. 


Qnmtltr  of 

KWHM  of  Sotatnocw 

Formnto 

Heat  given 

Hjarogen.  Bt  59°         .                 .         ' 

62031-5 

Cirbou  fr...n  C  to  CO' 

145447 

Cnrbon,  from  sugHr,  from  C 

to  CO'      ! 

14471-6 

Cnrljon,  from  gns  retorts 

1441*5 -1 

Graphite,  nntuml,  No.  I 

140607 

Qraphito,  rmm  high  minea, 

Nj.  i'         '. 

i40i3"5 

GraphitB,  natural.  No.  2 

14006-7 

Diamon.!     .        .        . 

i3986-i 

GrHpliite,  from  liigh  mines, 

No.  2          ! 

.3936-8 

Dwmond,  heatrf 

141S1-7 

Oride.  from  cwton,  at  CO' 

PH- 

4324-9 
835 '3 -4 

Gaa,  mursh 

,.        olL'fiFint 

C<H' 

21344-0 

Paromyli^LB 

C">  H" 

20683  8 

C^H" 

20346-3 
201 78 'S 

C"  ii« 

CetiDB 

C«H" 

19941  3 

Melamjiinfl         .        . 

C"  H" 

19671-3 

EtHer,  Bulphuric. 

HO'+CH' 

162486 

„     Tulorlc      .         . 

HO'  +  C"H" 

18338-4 

Spirit  of  wuod      . 

BO'  +  C'H' 

95427 

Alcohol        . 

110"  + C  HI 

1 293 1 '2 

„       VKlcric    . 

HO'  +  C'MI" 

16125-5 

„      eLhnlic    . 

HO'  +  C"H" 

1913Z  6 

Acetone 

C'H'  +  O- 

Aldhjdf,  othalic  . 

C"  H"  0' 

liete-o 

C"  H"  0' 

18892 -8 

C  H*  0' 

7555  ■3- 

AceUte      „ 

C  H-  0' 

9615-6 

Formiataof  aleohol     . 

C  H'  0' 

9502 '3 

Ether,  iicetic 

C  W  0* 

11326-9 

But^TBte  of  metlijlane 

C"  H"  0< 

12237-3 

Ethec.  butyric     . 

C"  H"  0> 

II763-6 

ValeriatB  of  melh  jkue 

C"  H"  0' 

13276-1 

..  alcohol     . 

C"  H"  0' 

I4I02'3 

AcBlnta  of  nlcohol,  valaric 

c»n»o' 

14348 '2 

C«H"0' 

15378-5 

Acid,  formic 

O'  +  C  H' 

3600-0 

O'  +  C'H' 

6309-4 

„    butyric 

0'  +  C'H» 

,,     YHleric 

O'  +  C'-H'" 

1  1590-2 

„       Bthlllio 

0<  +  cnH" 
0>  +  C"H" 

:%ni 

C"  H*  0' 

14116-1 

Torelwiio      . 

C='H'" 

19193-4 

EtiKace  of  turpentina  . 

CH" 

'9533  6 

C"H» 

19726-2 

FF 
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Quantity  of 

Names  of  Substances 

Formula 

Heat  griven 

by  I**  of 
Gombostion 

Sulphur,  native  melted 

c^w 

3998-0 

Sulphur,  at  instant  of  crystallisation   . 

— 

4065*1 

Sulphur  of  carbon        .... 

— 

6120-9 

Carbon  burnt  with  peroxide  of  azote 

at  io°      .         .         .        . 

— 

20084-2 

Decomposition  of  peroxide  of  azote 

— 

19962-9 

Decomposition   of    water    oxygenated, 

I  grain  oxygen         .... 

— 

2345*4 

Decomposition  of  oxide  of  silver  ab- 

sorbs         

— 

-  39-8 

Iceland  spar  for  CO^  and  C  to  0  absorbs 

— 

-554-6 

Aragonite  combined  gives    . 

— 

+   68*9 

Aragonite  separated  absorbs 

— 

-554-6 

Aragonite  separated  after  combination 

absorbs    

^■^■^ 

-485-6 

CHAPTER  XVI. 


ANIMAL  HEAT. 

3 1 8.  Temperature  of  orgranised  bodies.  —  Organised 
bodies  in  general  present  a  striking  exception  to  the  law  of 
equalisation  of  temperature,  since,  with  some  rare  exceptions, 
these  bodies  are  never  at  the  temperature  of  the  medium  which 
surrounds  them.  The  human  body,  as  is  well  known,  has  a 
permanent  and  invariable  temperature  much  more  elevated 
than  that  of  the  atmosphere.  The  animals  of  the  polar  regions 
are  much  warmer  than  the  ice  upon  which  they  rest,  and  those 
which  inhabit  tropical  climates  colder  in  general  than  the  air 
they  respire.  The  temperature  of  the  bodies  of  birds  is  not 
that  of  the  atmosphere,  nor  of  fishes  that  of  the  sea. 

There  is,  therefore,  in  organised  bodies,  some  proper  source 
of  heat,  or  rather  some  provision  by  which  heat  and  cold  can 
be  produced  at  need ;  for  the  ponderable  matter  which  com- 
poses the  bodies  of  these  creatures  must,  like  all  ponderable 
matter,  be  subject  to  the  general  law  of  equilibrium  of  tempe- 
rature.    It  is  therefore  necessary  to  ascertain  what  is  the  tem- 
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peratnre  of  organised  creatures ;  what  are  the  quantities  of 
heat  which  they  evolve  in  a  given  time  to  maintain  this  tem- 
perature ;  and  what  is  the  physical  apparatus  by  which  that 
heat  is  elaborated. 

319.  Temperature  of  blood. — The  temperature  of  the 
blood  in  the  human  species  is  found  to  be  the  same  throughout 
the  whole  extent  of  the  body,  and  is  that  which  is  indicated  by 
a  thermometer,  whose  bulb  is  placed  under  the  tongue  and  held 
there  until  the  mercurial  column  becomes  stationary.  This 
temperature  is  98° '6  on  Fahrenheit's  scale,  subject  to  extremely 
small  variations,  depending  on  health,  age,  and  climate. 

Dr.  John  Davy,  Inspector  of  Army  Hospitals,  availed  him- 
self of  the  opportunities  presented  by  his  professional  appoint- 
ment, and  of  a  voyage  made  by  him  to  the  East,  to  make  an 
extensive  and  valuable  series  of  observations  on  the  tempera- 
ture of  the  blood  in  man,  in  different  climates,  at  different  ages, 
and  among  different  races,  as  well  as  upon  the  inferior  animals. 
These  observations  were  made  between  18 16  and  1820. 

The  first  series  of  observations  were  made  during  a  voyage 
from  England  to  Ceylon,  and,  therefore,  under  exposure  to 
very  various  climates  and  temperatures.  The  temperature  of 
the  blood  was  observed  by  means  of  a  sensitive  thermometer 
applied  under  the  tongue  near  its  root,  with  every  precaution 
necessary  to  ensure  acciuracy.  The  principal  results  obtained 
are  collected  and  arranged  in  the  following  tables  : — 

Table  I. 

Showing  the  Temperatures  of  the   Blood  0/13  Individuals  in 

different  Climates, 


Age 

Air,  60° 

Air,  78° 

Air,  790-5 

Air,  80° 

24 

985 

99 

100 

.     99*5 

28 

99*5 

99*5 

99*5 

25 

98-25 

9875 

985 

9975 

17 

— 

99 

99 

100 

25 

98 

99 

99 

99*5 

20 

987s 

98 

99-5 

100 

28 

9825 

9875 

99 

99*5 

25 

98 

— 

— 

lOI 

40 

— 

— 

9975 

43 

«— 

-^ 

— 

9.9 

40 

— 

— 

— 

99*5 

13 

— 

— 

— 

100 

4 

■     ' 

99*5 

t  V  2 
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Tablb  II. 

Showing  the  Temperatures  of   the  Blood  of   6  Individtuils   in 

different  Climates, 


Age 

Air,  69" 

Air,  83° 

Air,  82° 

Air,84» 

35 

98 

99 

102 

98-5 

20 

98 

99 

lOI 

98 

40 

99 

99 

98-5 

98 

35 

98 

9975 

99 

98 

20 

98 

99  5 

99 

24 

98 

99*5 

100 

Table  III. 

Showing  the  Temperatures  of  the  Blood  in  the  same  Individual  at 

different  Hours  of  the  Day, 


Hour 

Air 

Blood 

Sensation 

6  A.M. 

60-5 

98 

Cool 

9 

66 

97*5 

Cold 

I  P.M. 

78 

98-5 

Cool 

4 

79 

985 

^^a^m 

6 

71 

99 

"Warm 

II 

69 

98 

Cool 

Table  IV. 
Showing  the  Limits  between  which  the  Temperature  of  the  Blood 
in  different  Races  was  observed  to  vary  in  India,     Air,  75° 
to  81°. 


Cape  Hottentots 
Cing^alese  . 
Albinoes  . 
Half  caste  . 
White  children  . 
Kandians  . 
Vaidas 

African  Negroes 
Malaytf 
Sopoys 
English 


Temperature 

96-5  to    99*5 

100     , 

»  ioi*5 

lOI        , 

,  1017s 

ICX>       , 

,  102 

lOI        , 

,  102 

97*5  . 

.    99 

98     , 

,    98-5 

98-5  . 

.    99*5 

98-5  , 

,    99*5 

98     . 

,  100 

98     , 

,    lOI 
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Table  V. 


Showiiig  the  TemperaUwe  of  the  Blood  observed  in  different  Species 

of  Animals, 


Nume 

Air 

Temperatnre 

Place  of 
Observation 

Mammalia, 

o 

Monkey  .... 

86 

104J 

Colombo 

Pangolin . 

8o 

90 

.—. 

Bat 

82 

100 

Vampyre 

70 

100 

Squirrel  . 

81 

102 

Eat 

80 

102 

Guinea-pig 

102 

Chatham 

Hare        .        » 

80 

100 

Colombo 

Ichneumon 

81 

103 

— 

Jungle  cat 

80 

99 

Cur  dog  . 

103 

Kandy 

Jackal     . 

84 

lOI 

Colombo 

Cat 

60 

lOI 

London 

»»            •         " 

79 

102 

Kandy 

Felix  pardus    , 

81 

102 

Colombo 

Horse 

80 

99  5 

Kandy      « 

Sheep 

10 1  to  104 

Scotland 

»i          • 

67 

103  to  104 

Cape 

f»          •        " 

78 

104  to  105 

Colombo 

Goat 

78 

103  to  104 

Colombo 

Ox 

Snmr. 

100 

Edinburgh 

>»  •        •        • 

80 

102 

Kandy 

Elk 

78 

103 

Mount  Layinia 

Hog        .        . 

75 

los 

Doombera 

>f            •        ' 

80 

105 

Mount  Lavinia 

Elephant 

80 

995 

Colombo 

Porpoise  . 

72 

100 

Lat.  N.  8<»  23' 

at  sea 

Birds, 

* 

«  • 

Falcon     .... 

77*5 

99 

Colombo 

Screech-owl 

60 

106 

London 

Jackdaw  . 

85 

107 

Kandy 

Thrush    . 

60 

109 

London 

Sparrow  . 

80 

108 

Kandy 

Pigeon     . 

60 

108 

London 

If          • 

78 

109-5 

Mount  Lavinia 

Jungle  fowl 

78 

107-5 

Ceylon 

»f                 " 

83 

108-5 

Common  fowl 

40 

1085 

Edinburgh 

*}           1) 

78 

no 

Mount  Lavinia 

>»          >i     « 

108 

— 

Guinea  fowl 

— 

no 

— 

438  PRACTICAL  APPLICATIONS  OF  EFFECTS  OF  HEAT. 

TABLE  Y.—contiivued. 


Name 

Air 

Temperature 

Place  of 
Observation 

Birds, 

o 

Turkey    .... 

109 

— 

Procellaria  equinoxialis    . 

79 

1035  to  105.5 

TAt.  N.  2«  3' 

P.  capensis 

59 

1055 

Lat.  S.  34°  I' 
at  sea* 

Common  hen    . 

77 

1 10 

Mount  Lavinia 

„        cock  . 

77 

III 

Chicken  .... 

77 

III 

— 

Malay  cock 

110 

— 

Goose      .... 

106  to  107 

^— 

Duck       .... 

— 

no— III 

Mount  Lavinia 

Teal        .... 

108— looA 

— 

Snipe       .... 

83 

98 

Colombo 

Plover     .... 

105 

Ceylon 

Peacock  .... 

83 

105—108 

Kornegalle 

Amphibia. 

Testudo  midas 

795 

84 

Lat.  N.  20  7' 

it              *t                           •              • 

80 

885 

— 

t»              If                           •              • 

86 

85 

Colombo 

T.  geometrica  . 

61 

625 

Cape 

>»     .        •        •         • 

80 

87 

ColoTtibo 

Rana  ventricosa 

80 

77 

Kandy 

Common  frog  . 

60 

64 

Edinburgh 

Iguana     •         .         .         . 

82 

82i 

Colombo 

Serpents  .... 

81A 
84 

88^ 

— 

!>•••• 

84i 

''— 

Fishes. 

Shark      .... 

71? 

77 

Lat.  S.  8°  23' 

Bonito     .... 

78 

82* 

Lat.  S.  1°  14' 

Trout       .... 

56 

58 

Edinburgh 

»i           •         »         •         . 

56 

58 

L.  Katrine 

Eel 

SI 

51 

Chatham 

Plying-fish 

77 

78 

Lat.  N.  6°  57' 

Molltisca, 

Oyster     .... 

82 

82 

Mount  Lavinia 

Snail        .... 

76i 

76  to  76J 

Kandy 

Crustacea, 

Cra3rfish  .... 

80 

79 

Colombo 

Crab        .         .         .         . 

72 

72 

Kandy 

*  This  was  the  temperature  of  the  heart,  which  lies  near  the  surface. 
In  the  deeply-seated  muscles  the  temperature  was  99. 
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TABLE  Y,— continued. 


Kame 

Air 

Temperature 

Place  of 
Observation 

Insects. 

Scarabaeus  pilularius 

76 

77 

Kandy 

Glowworm 

73 

74 

_— 

Blatta  orientalis 

83 

•Z4— 75 

— 

Gryllus  hoematopus  ? 

62 

72i 

Cape 

Apis  ichneumonia  ?  . 

75 

75 

Kandy 

Papillio  agamemnon 

78 

80 

— 

^  Scorpio  afer     . 

79 

7H 

— 

Julus       .... 

80 

78i 

w  w 

320.  Results  of  tbese  observatioiis. — The  conclusions 
deduced  from  these  observations  and  experiments  are,  that  the 
temperature  of  man,  although  nearly  constant,  is  not  exactly 
so ;  that  it  is  slightly  augmented  with  the  increased  tempera- 
ture of  the  climate  to  which  the  individual  is  exposed  ;  that  the 
temperature  of  the  inhabitants  of  a  warm  climate  is  higher  than 
those  of  a  mild  ;  and  that  the  temperature  of  the  different  races 
of  mankind  is,  casteris  paribus,  nearly  the  same.  This  is  the 
more  remarkable,  inasmuch  as,  among  those  whose  tempera- 
tures thus  agfee,  there  is  scarcely  any  condition  in  common 
excei^t  the  air  they  breathe.  Some,  such  as  the  Vaida,  live 
almost  excliLsively  on  animal  food ;  others,  as  the  priests  of 
Buddh,  exclusively  on  vegetables ;  and  others,  as  Europeans 
and  Africans,  on  both. 

Of  all  animals  birds  have  the  highest  temperature ;  mam- 
malia come  next ;  then  amphibia,  fishes,  and  certain  insects. 
Mollusca,  Crustacea,  and  worms  stand  lowest  in  the  scale  of 
temperature. 

Experiments  were  made  by  MM.  Breschet  and  Becquerel  to 
ascertain  the  variation  of  the  temperature  of  the  human  body 
in  a  state  of  health  and  sickness.  They  employed  for  this  pur- 
pose compound  thermoscopic  needles,  composed  of  two  different 
metals,  which,  being  exposed  to  a  change  of  temperature,  in- 
dicated with  great  sensitiveness  the  sensible  heat  by  which  they 
were  affected,  by  means  of  a  galvanometer  on  a  principle 
similar  to  the  electroscopic  apparatus  used  by  M.  Melloni, 
already  described  (art.  275).  The  needles  were  adapted  for  use 
by  the  method  of  acupuncture. 

It  was  found  that  in  a  state  of  fever  the  general  tempera- 
ture of  the  body  sometimes  rose  from  i°*8  to  3^*6. 
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It  was  also  ascertained,  in  several  cases  of  local  chronic  and 
accidental  inflammation,  that  the  temperature  of  the  inflamed 
part  was  a  little  higher  than  the  general  temperature  of  the 
body,  the  excess,  however,  never  amounting  to  more  than  from 
i°-8  to  3°-6. 

It  resulted  from  these  researches  that,  in  the  dog,  the 
arterial  blood  exceeds  in  temperatiure  the  venous  by  about 
i°'8.  It  was  also  found  that  the  temperatiure  of  the  bodies  of 
the  inhabitants  of  the  valley  of  the  Rhone  and  those  of  the 
Great  St.  Bernard,  both  men  and  inferior  animals,  were  the 
same. 

A  series  of  experiments  was  made  by  Lavoisier  and  Laplace 
to  determine,  by  means  of  their  calorimeter,  already  described, 
the  quantity  of  heat  developed  in  a  given  time  by  various 
animals  ;  but  more  recently  much  more  extensive  researches  in 
this  department  were  made  by  Dulong,  which  have  produced 
important  resTilts.  In  these  experiments  the  animal  under 
examination  was  shut  up  in  a  copper  cage  sufficiently  capacious 
to  be  left  at  ease,  and  being  submerged  in  a  glass  vessel  of 
water,  the  air  necessary  for  respiration  was  supplied  and 
measured  by  a  gasometer,  while  the  products  of  respiration 
were  carried  away  through  the  water,  to  which  they  imparted 
their  heat,  and  were  afterwards  collected  and  analysed.  Each 
experiment  was  continued  for  two  hours.  After  the  proper 
corrections  had  been  applied,  the  heat  developed  by  the  animal 
was  calculated  by  the  heat  imparted  to  the  water. 

Dulong  determined  these  thermal  quantities  with  great  pre- 
cision for  numerous  animals  of  different  species,  young  and 
adult,  carnivorous  and  frugivorous.  The  animals,  during  the 
experiment,  being  subject  neither  to  inconvenience  nor  fatigue, 
it  might  be  assumed  the  heat  they  lost  was  equal  to  that  which 
they  reproduced.  On  analysing  the  products  of  respiration,  it 
was  found  that  they  were  changed  as  air  is  which  has  under- 
gone combustion.  The  oxygen  of  the  atmospheric  air  which 
was  introduced  into  the  cage  was,  in  fact,  combined  with 
carbon,  and  formed  carbonic  acid.  So  far,  therefore,  as  con- 
cerned this  point,  a  real  combustion  may  be  considered  as 
having  taken  place  in  the  lungs.  Thus  much  was  inferred  in 
general  as  to  the  source  of  animal  heat  from  the  discoveries 
of  Lavoisier. 

321.  Clieinical  aotlon  aooounts  for  total  beat.  —  It 
remained,  however,  to  verify  this  discovery  by  showing  that 
the  exact  quantity  of  heat  evolved  in  the  animal  system  could 
be  accounted  for  by  the  chemical  phenomena  manifested  in 
respiration  ;  and  this  Dulong  accomplished. 
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After  having  determined  the  quantity  of  heat  lost  by  the 
animal,  he  calculated  the  quantity  of  heat  produced  by  re- 
spiration. The  air  which  was  furnished  to  the  animal  was 
measured  by  the  gasometer,  and  the  changes  which  it  suffered 
were  taken  into  account  by  analysing  the  products  of  com- 
bustion discharged  through  the  water  from  the  cage.  These 
products  were  as  follows  : — 

1.  The  vapour  of  water. 

2.  Carbonic;  acid. 

3.  Nitrogen. 

The  vapour  of  water  analysed  gave  a  certain  quantity  of 
oxygen  and  hydrogen,  the  carbonic  acid  a  certain  quantity  of 
carbon  and  oxygen,  and  the  nitrogen  was  sensibly  equal  to  the 
quantity  of  that  gas  contained  in  the  atmospheric  air  supplied 
to  the  animal.  It  followed  that  the  oxygen  of  the  atmospheric 
air  which  had  been  supplied  combined  in  the  lungs  partly  with 
carbon  and  partly  with  hydrogen,  producing  by  respiration  car- 
bonic acid  and  the  vapour  of  the  water,  being  exactly  the  pro- 
ducts resulting  from  the  combustion  of  a  lamp  or  candle.  Now 
the  quantity  of  heat  produced  by  the  combustion  of  given  quan- 
tities of  carbon  and  hydrogen  being  taken  and  compared  with 
the  quantity  of  animal  heat  developed,  as  given  by  the  heat  im- 
parted to  the  water,  was  found  exactly  to  correspond ;  and  thus 
it  followed  that  the  source  of  animaJ  heat  is  the  same  as  the 
source  of  heat  in  the  common  process  of  combustion. 

When  these  researches  were  first  made,  it  appeared  that  the 
quantity  of  heat  actually  developed  in  the  animal  system  ex- 
ceeded the  quantity  computed  to  result  from  the  chemical 
change  which  the  air  suffered  in  respiration,  and  it  was  conse- 
quently inferred  that  the  balance  was  due  to  a  certain  nervous 
energy  or  original  source  of  heat  existing  in  the  animal  organi- 
sation independently  of  the  common  laws  of  physics.  Dulong, 
however,  had  the  sagacity  to  perceive  that  the  phenomenon 
admitted  of  a  more  satisfactory  and  simple  explanation,  and 
succeeded  at  length  in  showing  that  the  difference  which  had 
appeared  between  the  quantity  of  heat  developed  in  respiration, 
and  the  quantity  due  to  the  chemical  changes  which  the  air 
suffered  in  this  process,  was  accounted  for  by  the  fact  that  the 
quantity  of  heat  developed  in  the  combustion  of  hydrogen  and 
oxygen  had  been  under-estimated,  and  that  when  the  correct 
constant  was  applied  the  quantity  of  heat  due  to  chemical 
changes  suffered  by  the  air  in  respiration  was  exactly  equal  to 
the  quantity  of  heat  developed  in  the  animal  system. 


4\2  PRACTICAL  APPLICATIONS  OF  EFFECTS  OF  HEAT. 


Since  the  establishment  of  the  exact  relations  between  heat 
and  work,  the  results  of  Dulong's  researches  have  been  rendered 
still  more  striking  by  the  investigations  of  Professor  FranJcland, 
of  which  a  condensed  review  is  given  in  the  following  table.  It 
shows  the  amount  of  heat  generated  from  so  small  a  quantity 
as  ten  grains  of  certain  foods  dining  their  complete  combustion 
within  the  body,  and  the  mechanical  work  equivalent  to  the 
heat  thus  produced. 


Food. 

Baises  in  oombas- 
tion  the  tempe- 
rature of  I  lb.  of 
water  through 

Which  is  equal 

toliftingilb. 

throngh 

lo  grains  of  dry  flesh 
,,         „         albumen 
„         „         lump  sugar  . 
,,         ,,         arrowroot     . 
„         „        butter  . 
,,        „        beef  fat 

I3°I2  F. 
12-85 
8-61 
10 -06 
18-68 
20-91 

10*128  feet 
9-920    „ 

6-647    „ 

7766    „ 

14-421    „ 

16-141    „ 

Thus  we  prove  that  an  ounce  of  fresh  lean  meat,  if  entirely 
burnt  in  the  body,  would  produce  heat  sufficient  to  raise  the 
temperature  of  about  70  lbs.  of  water  1°  F.,  or  a  gallon  of  water 
about  7°  F.  But  it  must  be  added  that,  as  the  combustion 
which  is  effected  within  the  body  is  not  always  complete,  the 
actual  effect  is  less  than  here  indicated. 
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Crystallisation,  produced  by  distil- 
lation, 233 

Cubical  expansion,  51 ;  table  of 
coeflBcients  of,  53 ;  relation  to 
linear,  41 ;  problems  on,  275 

Currents,  oceanic,  74 
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Dalton's  experiments  on  pressure  of 
vapour,  160 

Dani  ell's  hygrometer,  241 

Dark  heat  rays,  361 

Davy,  John,  on  temperature  of  living 
beings,  435 

Decomposition  by  evaporation,  234 

De  la  Eive  and  De  CandoUe,  on 
conductivity  of  wood,  335 
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paratus for  determining,  171  ; 
Dumas'  method,  173;  problems 
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241  ;  Eegnault's,  243 ;  problems 
on,  326 
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Diathermanous,  368,  398 

Differential  thermometer,  Leslie's, 
32 ;  use  of,  in  researches  on 
radiant  heat,  363 

Diffusion  of  heat,  397 

Digester,  Papin's,  217 
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Dimensions,  expansion  in  three,  40 

Dissociation,  255 ;  of  gaseous  com- 
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261 
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Drops,  Prince  Rupert's,  146 
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E 
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work,  412 
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theory  of,  378 
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density  of  water,  67 
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meters, how  corrected,  297 
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decomposition  by,  234;  freezing 
by,  237 
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coefficients  of  cubical,  53  ;  varia- 
tions of  coefficients  with  tem- 
perature, 53;  of  crystals,  54; 
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Teasels,  65 ;  talle  of,  of  liqnids, 
66 ;  of  water,  67  ;  Kopp's  experi- 
ments on,  6S;  importance  of 
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Fahrenheit*8  scale.  16;  comparison 
of,  with  other  scales,  17 

Faraday's  method  of  liquefying 
gases,  191 

Farre  and  Silbermann,  latent  heat 
of  vapour,  226;  heat  of  com- 
bustion, 432 

Fixed  points  of  a  thermometer,  12 ; 
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Fizeau's  experiments  on  expansion, 

Flame,  natnre  of,  419 
Fluxes,  action  of,  142 
Forbes,  J.,  experiments  on  absolute 

conductivity,  34 
Force,   of   expansion,    measure    of, 

41 ;  developed  in  evaporation,  163 

Formula,  Poiason's,  for  variation  of 

'  specific  heat  consequent  on  change 

of  pressure,  119 ;  Apjohn's,  249 
Foster,  G.  Carey,  on  eluUition,  214 
Freezing,  mixtures,  action  of,  137 ; 

tables  of,  139 ;  by  evaporation,  237 
Freezing  point,  on  a  thermometer, 

defined,  13;  how  determined,  14 
Friction,  Joule's  experiments  on,  401 
Fusion,  laws  of,  129 ;  temperatures 

of,    130 ;    latent    heat    of,     133; 

charge  of  volume  accompanying, 

148;    influence    of   pressure    on 

temperature  of,  150 

G 

Gases,  expansion  of,  75 ;  specific 
heat  of,  119;  conductivity  of,  347, 
355;  absorption  by,  390;  con- 
vection in,  359  ;  permanent,  181 

Gay-Lus?ac's  method  (  f  determining 
expansion  of  gases,  76 ;  apparatus 
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159;  method  of  finding  specific 
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tures of  gases  and  vapours,  176; 
on  vapour  tension,  206  ;  influei^e 
of  vessel  on  boiling  point,  210 

Glaishers  tables  fop  hygrometry, 
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Gypsum,  expansion  of,  55 


Hallstrom,  expansion  of  water,  67 

Harrison's  gridiron  pendulum,  266 

Heat,  defined,  I 

Hero's  engine,  236 

Hirn's    experiments    on    heat   and 

work,  404 
Hofmann's  method  of  determining 

vapouivdensity,  172 
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Hopkins,  experiments  on  pressure 
and  fusion,  151 
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240  ;  formula  for  relative,  241 

Hygrometer,  Daniell's,  241 ;  Reg- 
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of,  113;  melting  of  under  pres- 
sure, 413 
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119;  of  vessel  on  boiling-point, 
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Joule,  expansion  of  crystals,  53; 
maximum  density  of  water,  67  ; 
experiments  on  heat  and  work, 
401 
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Kirchhoff,  law  of  emission  and  ab- 
sorption, 389 

Kilogramme-degree  defined,  97 

Kopp,  expansion  of  liquids,  66; 
maximum  density  of  water,  67 ; 
expansion  of  water,  68 ;  on  change 
of  volume  accompanying  fusion 
and  solidification,  148  ;  chemical 
relations  of  boiling  points,  218 

Krebs,  influence  of  dissolved  air  on 
boiling  point,  214 


I/amp,  Argand's,  94 
Lamp-black,  absorption  and  radia- 
tion of,  367 
Laplace  and  Lavoisier,  experimental 
determiLation  of  expansion,   43  ; 
calorimeter,   98 ;   latent  heat   of 
water,  124 
Latent  heat,  of  liquefaction,   124; 
rendered  sensible  by  congelation, 
125;    of   water,    125;   of   other 
bodies,  128 ;  of  vapour,  219 ;  at 
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222 
Lavoisier,  coefl&cients  of  expansion, 
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specific  heat,  98 ;  latent  heat  of 
water,  124 
Laws,  of  equality  of  temperature, 
7  ;  of  specific  heat,  121 ;  of  fusion, 
129;  of  ebullition,  198;  Eudberg's, 
on  boiling  point,  204 
Legr.ind,  researches  on  the  boiling 

points  of  saline  solutions,  2CXD 
Leidenfpost's  experiments  on  sphe- 
roidal state,  178 
Leslie's  difiTerential  thermometer,  32 ; 
thermometric  hygrometer,    246 ; 
researches  in  radiant  heat,  367 
Light,  analogy  of,  and  radiant  heat, 

379 
Linear  expansion,  coefficient  of,  43 

Liquefaction,  defined,  I  ;  and  solidi- 


fication, 123;  always  gradual, 
126;  relation  of,  to  latent  heat, 

133 
Liquids,  expansion  of,  57;  specific 

heat  of,  112;  of  different  tem- 
peratures communicating  ip  closed 
vessels,  177  ;  spheroidal  state  of, 
177;  conductivity  of,  343;  dia- 
thermancy of,  386 

M 
Magnus,   expansion  of   gases,   82; 
experiments   on  boiling  point  of 
saline  solutions,  205 ;  conductivity 
of  gases,  348 

Marcet,  experiments  on  influence  of 
vessel  on  boiling  point,  210 

Mariotte's   law,   78;  in  connection 
with  temperature,  87 

Mason's  dry  and  wet  bulb  thermo- 
meter, 246 

Maximum  thermometer  by  Ruther- 
ford, 25  ;  by  Sixe,  29 

Maxwell,  conductivity  of  hydrogen, 
396 

Measure  of  force  of  expansion,  41 

Mechanical  work  done  in  evapo- 
ration, 163 

Mechanical  state,   influence  of,  on 
■  conductivity,  338 

Melloni,  thermoscopic  apparatus, 
368 ;  experiments  on  radiant  heat, 

369  . 
Mercurial  pendulum,  268 

Mercurial  thermometer,  8 ;  construc- 
tion of,  8 ;  comparison  of,  with 
air  thermometer,  306 

Mercury,  absolute  expansion  of,  61 ; 
specific  gravity  of,  295  ;  apparent 
expansion  in  glass  vessels,  65 

Metallic  thermometer,  Breguet's,  33 

Metals,  expansion  of,  48 

Method  of  ascertaining  the  exact 
boiling  point,  21  ;  of  determining 
expansion  of  liquids,  59  ;  of  mix- 
tures, 102  ;  of  cooling,  iii 

Mines,  ventilation  of,  92 

Minimum  thermometer,  mercurial, 
27  ;  alcohol,  27 ;  Casella's  mer- 
curial, 28 

Mitscherlich,  on  expansion  of  crys- 
tals, 55 

Mixtures,  method  of,  fop  determining 
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specific  heat,  102  ;  freezin<*,  137  ; 
of  gases  and  vapours,  175  ;  pro- 
blems on,  324 

Molecular  motion,  the  basis  of 
theory  of  heat,  377 

Motion,  molecular,  377  ;  heat  a  kind 
of,  400 

Mousson,  influence  of  pressure  on 
fusion,  150 
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Narr,  experiments  on  cooling  in 
gases,  355 

Negretti  and  Zambra's  maximTira 
thermometer,  25  ;  mercurial  mini- 
mum thermometer,  27 

Newton,  velocity  of  cooling,  396 

Nobili's  thermo-pile,  359 

Normal  boiling  point  of  water  de- 
fined, 21 

0 

Oceanic  currents,  74 

Optics,  relation  of  radiant  heat  to, 

379. 
Organic  substances,  conductivity  of, 

336 
Oxygen,  combustion  in,  416 
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Papin's  digester,  217 
Pendulum-compensation,  266;  Har- 
rison's, 267  ;  Graham's,  268 
Perfumes,  absorptive  power  of,  392 
Person's  experiments  on  latent  heat 
of  fusion,  133  ;  on  specific  heat  of 
ice,  114 
Pfaif,  expansion  of  crystals,  55 
Photographic  mode  of  registering 

temperature,  30 
Pierre,  expansion  of  liquids,  66 
Plates,  transmission  of  heat  through, 

38s 

Platinum,  exception  to  law  of  spe- 
cific heat,  122 

Poisson,  on  variation  of  specific  heat 
with  pressure,  1 19 

Polarisation  of  heat,  372 

Polish,  influence  of,  in  radiant  heat, 

396 
Pouillet,  experiments  on  expansion 

of    gases,    75 ;   specific    heat    of 

platinum,  122 ;  on  liquefaction  of 

gases,  182 
Pound-degree  defined,  97 


Practical  application  of  expansion 
of  liquids,  72 ;  of  gases,  88 ;  of 
liquefaction,  143  ;  of  latent  heat 
of  steam,  238 

Precautions  in  determining  specific 
heat,  1 10 ;  in  using  the  dry  and 
wet  bulb  thermometer,  252 

Pressure,  increase  of,  in  a  gas,  with 
temperature,  87  ;  influence  of,  on 
fusing  point,  150  ;  influence  of,  on 
boiling  point,  194 

Prevost's  theory  of  exchanges,  378 

Prince  Rupert's  drops,  146 

Process  of  heating  a  liquid,  71 ;  of 
liquefying  gases,  i8i 

Provostaye  and  Desains,  latent  heat 
of  water,  124 

Psychrometers,  245 

Pulse-hammer,  195 

Pyrometer,  8,  34 ;  Wedgwood's,  35 ; 
Brogniart's,  ^J 

Pyrometric  standard  measure  by 
Borda,  37 

Q 

Quality  of  heat,  389 
Quantitative  determination  of  heat, 
96 

R 

Radiation,  357 ;  nature  of,  358 ;  in- 
struments for  studying,  359  ;  rela- 
tion between,  and  absorption,  383 

Ramsden  and  Roy,  method  of  deter- 
mining expansion,  44 

Rays,  thermal,  5 ;  invisible,  361 

Reaumur's  scale,  16;  comparison  of, 
with  other  scales,  17 

Reflection  of  heat,  363 

Refraction  of  thermal  rays,  361 

Refractory  bodies,  134 

Regelation,  151 

Regnault,  expansion  of  mercury, 
62  ;  expansion  of  gases,  79 ;  on 
specific  heat,  103  ;  on  pressure  of 
vapour,  161  ;  on  latent  heat  of 
vapour,  220;  formula  for  latent 
heat  of  vapour,  225  ;  hygrometer, 

243 
Relation  between  apparent  and  ab- 
solute expansion,  58;  between 
specific  heat  and  atomic  weight, 
114;  of  pressure  and  temperature 
in  gases,  156 
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Retardation  of  solidification,   147; 
of  ebullition,   215 ;    of  chemical 
action  by  lowering  of  tempera- 
ture, 220 
Rock  salt,  diathermancy  of,  371 
Rosetti,  maximum  density  of  water, 

Rose's  fusible  metal,  132 

Roy  and  Ramsden,  coefficients  of 
expansion,  44 

Rudberg's  researches  on  expansion 
of  gases,  77;  law  of  boiling  point, 
104 

Rumford's  thermoscope,  33 ;  experi- 
ments on  conductivity  of  organic 
substances,  337 

Rutherford's  self-recording  thermo- 
meters, 25 


Saline  solutions,  freezing  point  of, 
70 ;  boiling  points  of,  201 

Salts,  dissolved,  lower  freezing  point, 
70 

Saturated  space,  defined,  154 ;  quan- 
tity of  vapour  in,  depends  on 
temperature,  156 

Saturation  of  solutions,  144 

Self-registering  thermometer,  24 ; 
Sixe's,  29 

Senarmont,  conductivity  in  crystals, 

333 
Siemens'  pyrometer,  307 

Sixe's  self-registering  thermometer, 
29 

Solar  spectrum,  360 

Solidification,  defined,  4;  liquefac- 
tion end,  123  ;  point  of,  defined, 
129;  retardation  of,  147 

Solids,  expansion  of,  40;  specific 
heat  of,  105 

Solutions,  saline,  70;  acid,  133; 
saturation  of,  depending  on  tem- 
perature, 145:  boiling  point  of 
saline,  2Cxd 

Sorby,  on  retardation  of  solidifica- 
tion, 147 

Southern,  latent  heat  of  vapour, 
223 

Space  pervaded  by  a  medium,  378 

Specific  gravity  of  vapours,  methods 
of  finding,  171 

Specific  heat,  defined,  77 ;  methods 


of  determining,  98 ;  relation  be- 
tween, and  atomic  weight,  114; 
relation  between,  and  expansion, 
115;  and  various  phenomena,  116; 
of  gases  and  vapours,  117 ;  prob- 
lems on,  307,  312;  of  air,  317 

Spectrum,  360 

Spheroidal  state,  Ijeidenfrost's  expe- 
riments CD,  178;  Boutigny*fl,  on, 
178 

Standard  thermometer,  how  con- 
structed, 20 

State,  change  of,  thermal  pheno- 
mena attending,  123  ;  change  of 
volume  connected  with,  134; 
Kopp's  experiments  on,  149 

Steam,  tables  of  pressure  of,  165, 
167 ;  some  effects  of,  235 ;  reaction 
of,  236 ;  loss  of  heat  when  work 
is  done  by,  409 

Stefan    on    conductivity  of  gases, 

356 

Stewart,  Balfour,  specific  gravity  of 
mercury,  295 ;  on  reciprocity  of 
radiation  and  absorption,  383  ;  on 
behaviour  of  rock  salt,  386 

Sulphur,  anomalous  behaviour  in 
liquefaction,  133 

Summary  of  laws,  regulating  speci- 
fic heat,  121 

Superheated  vapours,  properties  of, 
179  ;  permanent  gases  are,  181 

T 

Tables,  of  temperature  of  steam  at 
different  pressures,  15 ;  of  com- 
parison of  different  thermometric 
scales,  17  ;  for  correcting  thermo- 
meters for  pressure,  23 ;  of  co- 
efficients of  linear  expansion,  46 ; 
of  expansion  of  metals,  48;  of 
cubical  expansion,  53 ;  of  expan- 
sion of  crystals,  55 ;  of  expansion 
of  mercury,  64 ;  of  expansion  of 
liquids,  66 ;  of  expansion  of  water, 
68  ;  of  expansion  of  gases,  83, 86 ; 
of  specific  heat,  105 ;  of  specific 
heat  of  liquids,  1 13;  of  specific 
heat  of   gases,    120;    of   fusing 
points,    130;   of   latent  heat  of 
fusion,  133 ;  of  pressure,  volume, 
and  density  of  vapour  of  water, 
165,    167;  of   boiling    point   of 
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■water  at  different  altitudes,  196  ; 
of  boiling  points,  199 ;  of  latent 
heat  of  vapours,  226 ;  for  hygro- 
metric  purposes,  250;  for  reducing 
barometric  observations,  273  ;  of 
conducting  powers  of  solids,  332  ; 
of  radiating  and  absorbing  powers, 
366 ;  of  absorptive  power  of 
gases,  391 ;  of  heat  of  combustion, 
433 ;  o?  animal  heat,  437 

Teniperature,  defined,  I,  7;  measures 
of,  7 ;  law  of  equal,  7 ;  relation 
between,  and  the  pressure  of 
vapour,  158;  critical,  193;  of 
boiling  point  influenced  by  vessel, 
209 ;  by  dissolved  air,  213 

Tempering,  146 

Thermal,  conductivity  defined,  5  ; 
rays,  5  ;  communication,  7 ;  units, 
97;  phenomena  attending  lique- 
faction, 123 ;  tables  of  thermal  con- 
ductivity, 332 ;  equilibrium,  367 

Thermo-dynamics,  first  law  of,  407 ; 
second  law  of,  411 

Thermolysis,  262 

Thermometer,  8 ;  mercurial,  8  ;  pre- 
cautions in  constructions  of,  18  ; 
differential,  32 ;  correction  of  fixed 
points  of,  297 ;  calibration  of,  301 

Thermometer  tube,  how  to  fill,  10 

Thermometric  scales,  different,  16 

Thermometry,  7 

Thi roller,  on  freezing  mixtures,  140 ; 
apparatus  for  liquefying  carbonic 
acid,  186 

Thomson,  on  congelation  of  water, 
127 ;  on  pressure  and  fusion,  150 

Toricelli's  flieorem,  89 

Transmission  of  heat  along  bars, 
338 ;  through  substances  by  ra- 
diation, 368 

T3mdall,  on  conductivity  of  wood, 
334;  experiments  on  absorption 
of  heat  rays  by  gases,  390 

U 
Undulatory  motion  of  ether,  heat 

propagated  by,  6 
Uniform  expansion  of  gases,  76 
Unit  of  heat,  94 
Useful  effects  produced  by  latent 

heat,  128 


Vaporisation,  and  condensation,  152 
Vapours,  specific  heat  of,  117;  are 
elastic  fluids,  like  air,  1 54  ;  mea- 
suring of  pressure  of,  154;  of 
different  liquids,  156;  separated 
from  liquid,  179 ;  latent  heat  of, 
225 
Velocity  of  a  current  in  a  chimney. 

Ventilation  of  mines,  92 

Volatile  liquids,  apparatus  for  dis- 
tilling, 231 

Volume,  change  of,  attending  change 
of  state,  148 

W 

Walferdin's  maximum  thermometer, 
26 

Warming  buildings  by  hot  water, 
72  ;  by  hot  air,  91 

Water,  normal  boiling  point  defined, 
21  ;  expansion  of,  67,  68;  specific 
heat  of,  113;  evaporates  at  all 
temperatures,  158 

Water-hammer,  215,  235 

Watt,  latent  heat  of  vapour,  223 

Wedgewood's  pyrometer,  35 

Weight-thermometer,  38 

Weldable  metals,  137 

Wells'  theory  of  dew,  376 

Wet  and  dry  bulb  thermometer,  246 

Wiedemann  and  Franz,  on  conduct- 
ing powers,  332 

Wollaston's  cryophoras,  237 

Wood,  conductivity  of,  334 

Wood's  fusible  metal,  132 

Work,  and  heat  mutually  conver- 
tible, 4CXD;  other  physical  pro- 
cesses producing,  412 

Wiillner's  experiments,  on  vapour 
tension,  207 


Zambra  and  Negretti's  maximum 
thermometer,  25  ;  minimum  ther- 
mometer, 27 

Zero,  of  thermometer-scale,  how 
determined,  13;  change  of,  19; 
absolute,  of  Jbemperature,  97 
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London:  CROSBY  LOCKWOOD  &  CO. 

7  Stationers'  Hall  Court,  Ludgate  Hill,  E.C. 
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VALUABLE  TECHNICAL   MANUALS. 


A  DICTIONARY.  OF  TERMS  USED  IN  ARCHITECTURE,  BUILD- 

INa,  ENGINEERING,  MINING,  METALLURGY,  ARCHEOLOGY,  THE 
FINE  ARTS,  &c.  With  Explanatory  Obeervations  on  'Prions  Subjects  oonnected 
with  Applied  Science  and  Art.  By  John  Wbale.  Fifth  Edition,  revised  and  cor- 
rected. Edited  by  Robert  Hukt,  F.R.S.,  Keeper  of  Mining  Records,  Editor  of 
Ure's '  Dictionary  of  Arts,  Manufactures,  and  Mines.*    Nmnerons  Illustrations,    fis. 

CHEMISTRY,  for  the  Use  of  Beginners.  By  Professor  Gboboe  Fownbs, 
F.R.S.    Withan  Appendix,  on  the  Application  of  Ghemistry  to  Agriculture.    Is. 

ANALYTICAL  CHEMISTRY,  Qualitative  and  Quantitative,  A  Course  of. 
To  wliich  is  prefixed  a  Brief  Treatise  upon  Modem  Chemical  Nomenclature  and 
Notation.  By  Wm.  W.  Pink,  Practical  Chemist  &c.,  and  Gkorob  £.  Webstsr, 
Lecturer  on  Metallurgy  and  the  Applied  Scienoes,  Nottingham.    2s. 

CIVIL  ENGINEERING,  the  Rudiments  of;  for  the  use  of  Beginners,  for 
Practical  Engineers,  and  for  the  Army  and  Navy.  By  Henry  Law,  C.E.  Including 
a  Section  on  Hydraulic  Engineering,  by  Gbobgb  R.  Buknsll.  C.E.  Fifth  Edition, 
with  Notes  and  Illustrations  by  Robbbt  Mallbt,  A.M.,  F.R.S.  Illustrated  with 
Plates  and  Diagrams.    5s. 

NATURAL  PHILOSOPHY,  Introduction  to  the  Study  of;  for  the  use  of 
Beginners.  By  C.  Tomlinson,  Lecturer  on  Natural  Science  in  King's  College  School, 
London.    Woodcuts.    Is.  6d. 

MECHANICS,  Rudimentary  Treatise  on ;  being  a  Concise  Exposition  of 
the  Gteneral  Principles  of  Mechanical  Science,  and  their  Applications.  By  Charlbs 
Tomlinson,  Lecturer  on  Natural  Science  in  King's  College  School,  London.  Ulus- 
trated.    Is.  6d. 

MODERN  WORKSHOP  PRACTICE,  as  applied  to  Marine,  Land,  and 
Locomotive  Engines,  Floating  Docks,  Dredging  Machines,  Bridges,  Cranes,  Ship- 
building, &c.  &c.    By  J.  G.  WiNTON.    Illustrated.    3s. 

IRON  AND  HEAT,  exhibiting  the  Principles  concerned  in  the  Construction 
of  Iron  Beams,  Pillars,  and  Bridge  Girders,  and  the  Action  of  Heat  in  the  Smelting 
Furnace.    By  J.  Armour,  C.E.    2s.  6d. 

THE  BRASS  FOUNDERS  MANUAL;  Instructions  for  Modelling, 
Pattern-Making,  Moulding,  Turning,  Filing,  Burnishing,  Bronzing,  &c.  With 
copious  Receipts,  numerous  Tables,  and  Notes  on  Prime  Costs  apd  Estimates.  By 
Waltbr  Graham.    Illustrated.    2s.  6d. 

ELECTRO-METALLURaY ;  Practically  Treated.  Bj  Albxandbb 
Watt,  F.R.S.S.A.    New  Edition.    Woodcuts.    2s.  6d. 

METALLURGY  OF  COPPER  :  an  Introduction  to  the  Methods  of  Seek- 
ing, Mining,  and  Assaying  Copper,  and  Manufacturing  its  Alloys.  By  Robert  H. 
Lamborn,  Ph.D.    Woodcuts,    2s.  6d. 

METALLURGY  OF  SILVER  AND  LEAD.  A  Description  of  the  Ores ; 
their  Assay  and  Treatment,  and  Valuable  Constituents.  By  Dr.  Robert  H.  Lamborn. 
Woodcuts.    2s. 

GLASS  STAINING ;  or,  Painting  on  Glass,  The  Art  of.  Comprising 
Directions  for  Preparing  the  Pigments  and  Fluxes,  laying  them  upon  the  Glass, 
and  Firing  or  Burning  in  the  Colours.  From  the  German  of  Dr.  Gbsssrt.  To 
which  is  added  an  Appendix  on  THE  ART  OF  ENAMELLING  &c.,  with.  THE 
AllT  OF  PAINTING  ON  GLASS.  From  the  German  of  Emanuel  Otto  Fkombsbo. 
Buund  in  One  Volume,  2s.  6d. 


London:  CROSBY  LOCKWOOD  &  CO. 
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ENGINEERING,  SURVEYING,  &c. 

^ 

Humbers  New  Work  on  Water-Supply, 

A  COMPREHENSIVE  TREATISE  on  the  WATER-SUPPLY 
of  CITIES  and  TOWNS.  By  William  Humber,  Assoc.  Inst. 
C.E.,  and  M.  Inst.  M.E.  Author  of  "Cast  and  Wrought  Iron 
Bridge  Construction,"  &c.  &c.  Imp.  4to.  .Illustrated  with  50 
Double  Plates,  2  Single  Plates,  Coloured  Frontispiece,  and  upwards 
of  250  Woodcuts,  and  containing  400  pages  of  Text,  elegantly  and 
substantially  half-bound  in  morocco.     Price  6/.  6j-.  , 

List  0/ Contents: — : 

I.  Historical  Sketch  of  some  of  the  means  that  have  been  adopted  for  the  Supply 
of  Water  to  Cities  and  Towns. — II.  Water  and  the  Foreign  Matter  usually  asso- 
ciated with  it. — III.  Rainfall  and  Evaporation. — IV.  Springs  and  the  water- 
bearing formations  of  various  districts. — V.  Measurement  and  Estimation  of  the 
Flow  of  Water.— VI.  On  the  Selection  of  the  Source  of  Supply.— VII.  Wells.— 
VIII.  Reservoirs. — IX.  The  Purification  of  Water. — X.  Pumps.— XI.  Pumping 
Machinery.— XII.  Conduits. — XIII.  Distribution  of  Water. — XIV.  Meters,  Ser- 
vice Pipes,  and  House  Fittings. — XV.  The  Law  and  Economy  of  Water  Works. — 
XVI.  Constant  and  Intermittent  Supply. — XVII.  Description  of  Plates. — Appen- 
dices, giving  Tables  of  Rates  of  Supply,  Velocities,  &c.  &c.,  together  with 
Specifications  of  several  Works  illustrated,  among  which  will  be  found  : — Aberdeen, 
Bideford,  Canterbury,  Dundee,  Halifax,  Lambeth,  Rotherham,  Dublin,  and  others. 

OPINIONS  OF  THE  PRESS. 

"  The  most  systematic  and  valuable  work  upon  water  supply  hitherto  produced  in 
English,  or  in  any  other  language." — Engineer  (first  notice),  >fov.  3.  1876. 

*'  Mr.  Humber  s  work  is  characterbed  almost  throughout  by  an  exhaustiveness 
much  more  distinctive  of  French  and  German  than  of  English  technical  treatises."— 
Engineer  (third  notice),  Dec.  15,  1876. 

''We  can  congratulate  IVfr.  Humber  on  having  been  able  to  give  so  large  an 
amount  of  information  on  a  subject  so  important  as  the  water  supply  of  cities  and 
towns.  The  plates,  fifty  in  number,  are  mostly  drawings  uf  executed  works,  and 
alone  would  have  commanded  the  attention  of  every  engineer  whose  pradice  may  lie 
in  this  branch  of  the  profession."— ^«//((/rr,  Dec.  9,  1876. 


3        WORKS  IN  ENGINEERING,    SURVEYING,    ETC., 

Humbers  Modern  Engineering.     First  Series. 

A  RECORD  of  the  PROGRESS  of  MODERN  ENGINEER- 
ING,  1863.  Comprising  Civil,  Mechanical,  Marine,  Hydraulic, 
Railway,  Bridge,  and  other  Engineering  Works,  &c.  By  WILLIAM 
H UMBER,  Assoc.  Inst.  C.E,,  &c  Imp.  4to,  with  36  Double 
Plates,  drawn  to  a  lai^e  scale,  and  Photographic  Portrait  of  John 
Hawkshaw,  C.E.,  F.R.S.,  &c.     Price  3/.  3J.  half  morocco. 

List  of  the  Plates, 

NAMB  AND  DESCRIPTION.  PLATES.  NAME  OF  ENGINEER. 

Victoria  Station  and  Roof — L.  B.&S.  C.  RaiL  i  to  8  Mr.  R,  Jacomb  Hood,  C.E, 

Southport  Pier 9  and  10  Mr.  James  Brunlees,  C.£. 

Victoria  Station  and  Roof— L.  C.  &  D.  &  G.W. 

Railways    xitoi5A  Mr.  John 'Fowler,  C.E. 

Roof  of  Cremome  Music  Hall z6  Mr.  William  Humber,  C.E. 

Bridge  over  G.  N.  Railway 17  Mr.  Joseph  Cubitt,  CE. 

Roof  of  Station — Dutch  Rhenish  Railway   ..  zSandiQ  Mr.  Euschedi,  C.E. 

Bridge  over  the  Thames— West  London  Ex- 
tension Railway 20  to  24  Mr.  WilKam  Baker,  C.E. 

Armour  Plates 25  Mr.  James  Chalmers,  C.E. 

Suspension  Bridge,  Tham^ 96  to  29  Mr.  Peter  W.  Barlow,  C.E. 

The  Allen  Engine    30  Mr.  G.  T.  Porter,  M.E. 

Suspension  Bridge,  Avon 3x  to  33  Mr.  John  Hawkshaw,  C.E. 

and  W.  H.  Barlow,  CE. 

Underground  Railway 34  to  36  Mr.  John  Fowler,  C.E. 

With  copious  Descriptive  Letterpress,  Specifications,  ^c. 


'^  Handsomely  lithographed  and  printed.  It  will  find  favour  with  many  who  desire 
to  preserve  in  a  permanent  form  copies  of  the  plans  and  specifications  prepared  for  the 
guidance  of  the  contractors  for  many  important  engineering  works."— j£'»jif»0rr. 

Humief^s  Modern  Engineering,    Second  Series. 

A  RECORD  of  the  PROGRESS  of  MODERN  ENGINEER. 
ING,  1864 ;  with  Photographic  Portrait  of  Robert  Stephenson, 
C.E.,  M.P.,  F.R.S.,  &C.     Price  3/.  Jj.  half  morocco. 

Lut  of  the  Plates, 

NAME  AND  DESCRIPTION.  FLATES.  NAME  OP  BNGINBBR. 

Birkenhead  Docks,  Low  Water  Basin  x  to  15  Mr.  G.  F.  Ljrster,  CE. 

Charing  Cross  Station  Roof— C.  C.  Railway.  x6  to  18  Mr.  Hawkshaw,  C.E. 

Digswell  Viaduct— Great  Northern  Railway.         19  Mr.  J.  Cubitt,  C.E. 

Robbery  Wood  Viaduct— Great  N.  Railway.         20  Mr.  J.  Cubitt,  CE. 

Iron  Permanent  Way 9oa  •—— 

Qydach  Viaduct — Merthyr,  Tredegar,  and 

Abergavenny  Railway  '% .         sz  Mr.  Gsrdner,  CE. 

Ebbw  Viaduct       ditto       ditto       ditto  32  Mr.  Gardner,  CE. 

College  Wood  Viaduct-^Comwalt  Railway  ..         43  Mr.  Brunei 

Dubhn  Winter  Palace  Roof 24  to  26  Messrs.  Ordish  &  Le  Feuvre. 

Bridge  over  the  Thames— L.C.  &  D.  Railw.  vj  to  32  Mr.  J.  Cubitt,  C.E. 

Albert  Harbour,  Greenock   33  to  36  Messrs.  Bell  &  Miller. 

With  copious  Descriptive  Letterpress,  Specifications,  &c. 


"A  resumS  of  all  the  more  interesting  and  important  works  lately  completed  in  Grtat 
Britain;  and  containing,  as  it  docs,  carefully  executed  drawing^  with  full  wdrldng 
details,  it  will  be  found  a  valuable  accessory  to  the  profession  at  urge."— iSlv^fiMfffn 

"  Mf.  Humber  has  done  the  profession  tood  and  true  service,  by  the  fiile  collection 
of  exanriples  he  has  here  brougnt  Ixiforie  me  profession  and  the  public **^^/*;*»^ftVa/ 
MecJianics  Jou.  nal. 
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Humbey's  Modern  En^neering.     Third  Series. 

A  RECORD  of  the  PROGRESS  of  MODERN  ENGINEER. 
ING,  1865.     Imp.  4to,  with  40  Double  Plates,  drawn  lo  a  laigo 
scale,  and    Photo  Portrait  of  J.  R.  M'Clean,  Esq.,  late  President 
of  the  Institution  of  Civil  Engineers.     Price  3/.  3/.  liaif  morocco. 
List  sf  Plata. 


MAIN  DRAINAGE,  METROPOLIS, 
NosTH  Side. 
Flau  T.  Mut  ibowiq?  Interception  of 
Sewen.— 3  and  j.  Mifflls  Level  Sewer. 
Sower  under  Regenfj  Canal  :  and  June- 
lion  wiib  Fleet  Diich.— 4.  ;,  and  6.  Out- 
fall Sewer,  Bridge  ovet  River  Lea, 
EkvatiDn  and  -  Details.  —  7.  Outfall 
Sewet.  Bridge  over  Marsh  lane,  Notlli 
Woolwich  Railway,  and  Bow  and  Barking 
Railway  Junction— B,  o,  and  ro.  Outfall 
Sewer.  Bridge  over  Bow  and  Eatkine 
Rallwav.  Elr^vaiion  and  Details  — 
II  Sewer.  Bridge  over 
tclworks'  Feeder.  Ele- 
Is.— 13  and  14.  OuUall 
t.  Fpin  and  Seciion.- 
^  'ine  Bay  nnd 

With  copious  Descriptivi 


^st  Londi 

«.  Outfall' sewer. 
OutleL— 16.  Outfa 


Diagrams, 
MAIN  DRAINAGE,  METROPOLIS, 


ection    of  River  WalL- 

im-boac  Pier,  Westminster. 

DecaiU.  —  aB.    Landini? 


1   Btidses,-19 
ont    Elevation. 


Hnmber's  Modem  Engineering,    Fourth  Series. 

A  RECORD  of  the  PROGRESS  of  MODERN  ENGINEER- 
ING, 1866.  Imp.  4I0,  with  36  Double  Plates,  drawn  lo  a  large 
scale,  and  Photographic  Portrait  of  John  Fowler,  Esq.,  President 
of  the  Institution  of  Civil  Engineers.  Price  3/,  3J.  half  m 
Lilt  of  tht  Plates  and  Dia^ams, 

HAH^  AND  DESCKIFTIOH.  FLATIS.  HAH 

Abbey  MQIs  PumpinB  Station,  Mud  Draimse, 

Metropolis t  to  4  Mr.  Baialeette,  CE. 

Bunw  Docks 5  tog  Mesin.M^eui&Stillman, 

Manquii  Viaduct.  Santiago  md  Valparaiio  [C.E. 

Railway 10,  11  Mr.  W.  Loy4  C.E. 

AdwD^  Locomodvs,  Sl  Helen'iCana]  Railw.  11,  13  Mr.  H.  Cross.  C.K 

Cannon  Street  Scuiao  Roof  14  to  i«  Mr.  J.  Rawkshiw.  C.E. 

Rood  Brid^  over  <h(  Rivet  Hoka 17,  iS  Mr.  H.  Wakefield,  C.K 

Talcnaphic  Anxiranii  for  Mennotainia 10  Ur.  Siemeoi,  C.  E. 

Viaduct  ovsr  the  River  Wye,  Midland  Railvr.  »  to  »  Mr.  W.  H,  Barlow,  C  E. 

St  Gennans  Viaduct,  Cornwall  Railwav  ....  >3,  94  Mr.  BruncL  C.E. 

WrouidH-Iron  Cylinder  tor  Divini  Bell ic  Mr.  J,  CaDde.  CE. 

"="—""--'--                        161031  MeMr».J.Fowler.C.E„and 


MiUwaUDodu... 


Mr.] 


n,  CE. 


MetTDpaliUnDiiirict  Raitway!!!"!!'.!!^.'.'    »  10  jS   Mr  J.  Fowler,  and 
M.Jobii«ii.CE. 

Hubouii,  Ports, '•nd  Breakwaien A  to  c 

miA  Copious  Discriptivi  LtUerprtss,  SptcificaHx/m,  &-c. 
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Humberts  Great  Work  an  Bridge  Constrtution. 

A  COMPLETE  and  PRACTICAL  TREATISE  on  CAST  and 
WROUGHT-IRON  BRIDGE  CONSTRUCTION,  including 
Iron  Foundations.  In  Three  Parts-  -Theoretical,  Practical,  and 
Descriptive.  By  William  Humber,  Assoc.  Inst.  C. E.,  and  M.  Inst. 
M.E.  Third  Edition,  revised  and  much  improved,  with  115  Double 
Plates  (20  of  which  now  rirst  appear  in  this  edition),  and  numerous 
additions  to  the  Text.  In  2  vols.  imp.  4to,  price  6/.  ids.  6d.  half- 
bound  in  morocco. 

"A  very  valuable  contribution  to  the  standard  literature  of  civil  engineering^.  In 
addition  to  elevations,  plans,  and  fections,  large  scale  details  are  given,  which  very 
much  enhance  the  instructive  worth  of  these  illustration*:.  No  engineer  would  wil- 
lingly bs  without  so  valuable  a  fund  of  information." — Civil  Engineer  and  Architect s 
Jourttal. 

**  Mr.  number's  stately  volumes  lately  i.ssued — in  which  the  most  important  bridges 
erected  during  the  ia.st  five  years,  under  the  direction  of  our  most  eminent  engineers, 
are  drawn  and  specified  in  great  detail." — Engineer- 

"  A  book— and  particularly  a  large  and  costly  tre  .tise  like  Mr.  Humber's — which 
has  reached  its  third  edition  may  certainly  be  said  to  have  established  its  own 
reputation. " — Engineering. 

Strains  ^FormulcB  &  Diagrams  for  Calculation  of. 

A  HANDY  BOOK  for  the  CALCULATION  of  STRAINS 
in  GIRDERS  and  SIMILAR  STRUCTURES,  and  their 
STRENGTH  ;  consisting  of  Formulieand  Corresponding  Diagrams, 
with  numerous  Details  for  Practical  Application,  &c.  By  William 
Humber,  Assoc.  lust.  C. E.,  &c.  Second  Edition.  Fcap.  8vo, 
with  nearly  100  Woodcuts  and  3  Plates,  price  yj.  6d.  cloth. 

"  The  arrangement  of  the  matter  in  this  little  volume  is  as  convenient  as  it  well 
could  be.  .  •  ^.  .  The  systeni  of  employing  diagrams  as  a  substitute  for  complex 
computations  is  one  justly  coming  into  great  favour,  and  in  that  respect  Mr.  Humber's 
volume  is  fully  up  to  the  times." — Engineering. 

"The  formula  are  neatly  expressed,  and  the  diagrams  good." — Atheneeum. 

"Mr.  Humber  has  rendered  a  great  service  to  the  architect  and  engineer  by  pro- 
ducing a  work  especially  treating  on  the  methods  of  delineating  the  strains  on  iron 
beams,  roofs,  and  bridges  by  means  of  diagrams."— .Sw/ZfliVrr. 

Barlow  on  the  Strength  of  Materials,  enlarged, 

A  TREATISE  ON  THE  STRENGTH   OF  MATERIALS, 

with   Rules  for  application  in  Architecture,   the  Construction  of 

Suspension   Bridges,  Railways,    &c.  ;    and   an  Appendix  on   the 

Power  of  Locomotive  Engines,  and  the  effect  of  Inclined  Planes 

and  Gradients.      By  Peter  Barlow,  F.R.S.    A  New  Edition, 

revised  by  his  Sons,  P.  W.  Barlow,  F.R.S.,  and  W.  H.  Baklow, 

F.R.S.,  to  which  are  added  Experiments  by  HODGKINSON,  Fair- 

BAIRN,  and  KiRKALDY  ;  an  Essay  (with  Illustrations)  on  the  effect 

produced  by  passing  Weights  over   Elastic   Bars,  by  the  Rev. 

Robert  Willis,  M.A.,  F.R.S.     And  Formulae  for  Calculating 

Girders,  &c.     The  whole  arranged  and  edited  by  W.   H UMBER, 

Assoc.  Inst.  C.E.,  Author  of  **  A  Complete  and  Practical  Treatise 

on  Cast  and  Wrought-Iron  Bridge  Construction,"  &c.  •   8vo,  400 

pp..  with  19  large  Plates,  and  numerous  woodcuts,  \%s.  cloth. 

*'  The  book  is  undoubtedly  worthy  of  the  highest  commendation."— ^//M/«^7<wr«ii/. 
"The  best  book  on  tiie  subject  wnich  has  yet  appeared.     .     .     .     .     We  know  <rf 
no  work  tliat  so  completely  fulfils  its  mxs&VQU."— English  Mechanic. 
'*  '1  be  standard  treatise  upon  this  particular  subject."— iFw^/Vir^r. 
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Iro7i  and  Steel, 

'IRON   AND    STEEL':    a    Work    for  the  Forge,    Foundry, 
Factory,  and  Office.     Containing  Ready,  Useful,  and  Trustworthy 
Information  for  Ironmasters  and  their  Stocktakers ;  Managers  of 
Bar,    Rail,    Plate,    and   Sheet   Rolling    Mills ;  Iron     and    Metal^ 
Founders  ;  Iron  Ship  and  Bridge  Builders  ;  Mechanical,  Mining,' 
and  Consulting  Engineers ;  Architects,  Contractors,  Builders,  and 
Professional    Draughtsmen.     By    CKarles    Hoare,    Author    ot 
*The  Slide  Rule,'  &c.     Eighth  Edition.     Revised  throughout  and 
considerably  enlarged.     With  folding  Scales   of   '*  Foreign  Mea- 
sures compared  with  the    English  Foot,"  and    **  fixed  Scales  of 
wSquares,   Cubes,   and  Roots,  Areas,    Decimal   Equivalents,  &c." 
Oblong,  32mo,  leather  elastic-band,  6j. 

"  We  cordially  recommend  this  book  to  those  engaged  in  considering  the  details 

of  all  kinds  of  iron  and  steel  works It  has  been  compiled  with  care  and 

accuracy Many  useful    rules   and  hints  are  given  for  lessening   the 

amount  of  arithmetical  labour  which  is  always  more  or  le?s  necessary  in  arranging 
iron  and  steel  work  of  all  kinds,  and  a  great  quantity  of  useful  tables  for  preparing 
estimates  of  weights,  dimensions,  strengths  of  structures,  costs  of  work,  &c.,  will  be 
found  in  Mr.  Hoare's  book. — Naval  Science, 

Weale^s  Engineers    Pocket-Book. 

THE  ENGINEERS',  ARCHITECTS',  and  CONTRACTORS' 
POCKET-BOOK   (Lockwood   &   Co.'s;    formerly   Weale's). 
Published  Annually.      In  roan  tuck,  gilt  edges,  with  lo  Copper- 
Plates  and  numerous*"Woodcuts.     Price  dr. 
*'  A  vast  amount  of  really  valuable  matter  condensed  into  the   small  dimen- 
sions of  a  book  which  is,  in  reality,  what  it  professes  to  be — ^a  pocket-book.     .... 
We  cordially  recommend  the  book. — Colliery  Guardian, 

"It  contains  a  large  amount  of  information  peculiarly  valuable  to  those  for  whose 
use  it  is  compiled.  We  cordially  commend  it  to  the  engineering  and  architectural 
professions  generally."— ■J/«>m«^  Journal, 

Iron  Bridges,  Girders^  Roofs y  &c. 

A  TREATISE  on  the  APPLICATION  of  IRON  to  the  CON- 
STRUCTION of  BRIDGES,  GIRDERS,  ROOFS,  and  OTHER 
WORKS  ;  showing  the  Principles  upon  which  such  Structures  are 
Designed,  and  their  Practical  Application.  Especially  arranged  for 
the  use  of  Students  and  Practical  Mechanics,  all  Mathematical  For- 
mulae and  Symbols  being  excluded.  By  Francis  Campin,  C.E. 
Second  Edition  revised  and  corrected.  With  numerous  Diagrams. 
i2mo,  cloth  boards,  3^. 

"Invaluable  to  those  who  have  not  been  educated  in  mathematics." — CoUttry 
Guardian. 
**  Remarkably  accurate  and  well  written." — Artizan, 

Mechanical  Engineering. 

A  PRACTICAL  TREATISE  ON  MECHANICAL  ENGI- 
NEERING :  comprising  Metallurgy,  Moulding,  Casting,  Forging, 
Tools,  Workshop  Machinery,  Mechanical  Matlipulation,  Manufac- 
ture of  the  Steam  Engine,  &c.  &c.  With  an  Appendix  on  the 
Analysis  of  Iron  and  Iron  Ore,  and  Glossary  of  Terms.  By  Francis 
Campin,  C.E.  Illustrated  with  91  Woodcuts  and  28  Plates  of 
Slotting,  Shaping,  Drilling,  Punching,  Shearing,  and  Riveting 
Machines — Blast,  Refining,  and  Reverberatory  Furnaces — Steam 
Engines,  Governors,  Boilers,  Locomotives,  &c.     8vo,  cloth,  I2j. 
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Practical  Tunnelling, 

PRACTICAL  TUNNELLING:  Explaining  in  detail  the  Setting 
out  of  the  Works,  Shaft-sinking  and  Heading-Driving,  Ranging 
the  Lines  and  Levelling  under  Ground,  Sub- Excavating,  Tinobering, 
and  the  Construction  of  the  Brickwork  of  Tunnels  with  the  amount 
of  labour  required  for,  and  the  Cost  of,  the  various  portions  of  the 
work.  By  FREDERICK  Walter  Simms,  M.  Inst.,  C.E.,  author 
of  "A  Treatise  on  Levelling."  Third  Edition,  Revised  and  Ex- 
tended, with  additional  chapters  illustrating  the  Recent  Practice  of 
Tunntlling  as  exemplified  by  the  St.  Gothard,  Mont  Cenis,  and 
other  modern  works,  by  D.  Kinnear  Clark,  M.  Inst.,  C.E. 
Imp.  8vo,  cloth,  with  21  Folding  Plates  and  numerous  Wood 
Engravings,  price  30 j.  \Just  publisfieJ, 

"  It  is  the  only  practical  treatise  on  the  great  art  of  tunnelling.  Mr.  Clark's  work 
brings  the  exigencies  of  tunnel  enterprise  up  to  our  own  time.  The  great  length  of 
modern  tunnels  ha-*  led  to  a  new  difficulty  in  the  art,  which  the  last  generation  was 
ignorant  of,  namely,  the  difficulty  of  ventilation.     In  Mr.  Clark's  supplsment  we  find 

■  this  branch  of  the  subject  has  been  fully  considered.  Mr.  Clark's  additional  chapters 
on  the  Mont  Cenis  and  St.  Gothard  Tunnels  contain  minute  and  valuable  experiences 
and  data  relating  to  the  method  of  excavation  by  compressed  air,  the  heading 
operations,  rock-boring  machinery,  process  of  enlargement,  ventilation  in  course  of 
construction  by  compressed  air,  labour  and  cost,  &c." — Building  News,  Dec.  8,  1876. 
'•  The  estimation  m  which  Mr.  Simms'  book  on  tunnelling  has  been  held  for  over 
thirty  years  cannot  be  more  truly  expressed  than  in  the  words  of  the  late  Professor 
Rankine  : — '  The  best  source  of  information  on  the  subject  of  tunnels  is  Mr.  F.  W. 

.  Simms'  work  on  "  Practical  Tunnelling."  ' — The  Architect^  Dec.  9,  1876. 

Levelling. 

A  TREATISE  on  the  PRINCIPLES  and  PRACTICE  of 
LEVELLING ;  showing  its  Application  to  Purposes  of  Railway 
and  Civil  Engineering,  in  the  Construction  of  Roads  ;  with  Mr. 
Telford*s  Rules  for  the  same.  By  Frederick  W.  Simms, 
F.G.S.,  M.  Inst.  C.E.  Sixt'h  Edition,  very  carefully  revised,  with 
the  addition  of  Mr.  Law's  Practical  Examples  for  Setting  out 
Railway  Curves,  and  Mr.  Trautwine's  Field  Practice  of  Laying 
out  Circular  Curves.  With  7  Plates  and  numerous  Woodcuts.  8vo, 
&r.  dd,  cloth.  %*  Trautwine  on  Curves,  separate,  price  5J. 

"  One  of  the  most  important  text-books  for  the  general  surveyor,  and  there  is 
scarcely  a  question  connected  with  levelling  for  which  a  solution  would  be  sought  but 
that  would  be  satisfactorily  answered  by  consulting  the  volume.^' — Mining  yourmU. 

"  The  text-book  on  levelling  in  most  of  our  engineering  schools  and  colleges."-— 
Engineer. 

The  High-Pressure  Steam  Engine. 

THE  HIGH-PRESSURE  STEAM  ENGINE  ;  an  Exposition 
of  its  Comparative  Merits,  and  an  Essay  towards  an  Improved 
System  of  Construction,  adapted  especially  to  secure  Safety  and 
Economy.  By  Dr.  Eri^st  Alban,  Practical  Machine  Maker, 
Plau,  Mecklenberg.  Translated  from  the  German,  with  Notes,  by 
Dr.  Pole,  F.R.S.,  M.  Inst.  C.E.,  &c  &c.  With  28  fine  Plates, 
8vo,  idr.  6</.  doth. 

"A  work  like  this,  which  goes  thoroughljrinto  the  examination  of  the  high-presstu« 
engine,  the  boiler,  and  its  aiq>endages,  &c.,  is  exceedinely  useful,  and  deserves  a  place 
in  every  scientific  library.  "---vS'/raw  Shipping  Chronicu* 
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Hydraulics, 

HYDRAULIC  TABLES,  CO-EFFICIENTS,  and  FORMULAE 
for  finding  the  Discharge  ol  Water  from  Orifices,  Notches,  Weirs, 
Pipes,  and  Rivers.  With  New  Formulae,  Tables,  and  General 
Information  on  Rain-fall,  Catchment- Basins,  Drainage,  Sewerage,  , 
Water  Supply  for  Towns  and  Mill  Power.  By  John  Neville, 
Civil  Engineer,  M.R.I.A.  Third  Edition,  carefully  revised,  with 
considerable  Additions.  Numerous  Illustrations.  Cr.  8vo,  145.  cloth. 

*'  Undoubtedly  an  exceedingly  useful  and  elaborate  compilation." — Iron. 

"  Will  prove  alike  valuable  to  students  and  engineers  in  practice :  its  study  will 
prevent  the  annoyance  of  avoidable  failure^,  and  assist  them  to  select  the  readiest 
means  of  successfully  carrying  out  any  given  work  connected  with  hydraulic  en- 
gineering."— Mining  Journal. 

Strength  of  Cast  Iron^  &c. 

A  PRACTICAL  ESSAY  on  the  STRENGTH  of  CAST  IRON 
and  OTHER  METALS.  By  the  late  Thomas  Tredgold,  Mem. 
Inst  C.E.,  Author  of  "  Elementary  Principles  of  Carpentry,"  &c. 
Fifth  Edition,  Edited  by  Eaton  Hodgkinson,  F.R.S.  ;  to 
which  are  added  EXPERIMENTAL  RESEARCHES  on  the 
STRENGTH  and  OTHER  PROPERTIES  of  CAST  IRON. 
By  the  Editor.  The  whole  Illustrated  with  9  Engravings  and 
numerous  Woodcuts.     8vo,  12s.  doth. 

%*  Hodgkinson's  Experimental  Researches  on  the 
Strength  and  Other  Properties  of  Cast  Iron  may  be  had 
separately.   With  Engravings  and  Woodcuts.    8vo,  price  ox.  dolh. 

Steam  Boilers. 

A  TRl^ATISE  ON  STEAM  BOILERS  :  their  Strength,  Con- 
struction, and  Economical  Working.  By  Robert  Wilson,  late 
Inspector  for  the  Manchester  Steam  Users*  Association  for  the 
Prevention  of  Steam  Boiler  Explosions,  and  for  the  Attainment  of 
Economy  in  the  Application  of  Steam.  Fourth  Edition.  i2mo, 
cloth  boards,  328  pages,  price  6s, 

"We  regard  Mr.  Wilson's  treatise  as  the  best  work  on  boilers  which  hasfcomc 
under  our  notice,  and  we  consider  that  all  boiler  makers  and  boiler  owners  should 
give  it  a  place  in  their  libraries." — Engineering. 

"  The  best  treatise  that  has  ever  been  published  on  steam  boilers.** — Engineer. 

**  A  valuable  contribution  to  the  subject  of  steam  boiler  literature The 

book  is  full  of  hints  which  the  proprietor  of  a  steam  boiler  would  find  it  to  his  advan- 
tage to  know." — Iron  and  Coal  Trades  Review. 

Tables  of  Curves. 

TABLES   OF  TANGENTIAL  ANGLES  and  MULTIPLES 

for  setting  out  Curves  from  5  to  200  Radius.     By  Alexander 

Beazeley,  M.  Inst  C.E.     Printed  on  4S  Cards,  and  sold  in  a 

cloth  box,  waistcoat-pocket  size,  price  3J.  (xi, 

'**  Each  table  is  printed  on  a  small  card,  which,  being  placed  on  the  theodolite,  leaves 
the  hands  free  to  manipulate  the  instrument — no  small  advantage  as  regards  the  rapidity 
of  work  Tliey  are  clearly  printed,  and  compactly  fitted  into  a  small  case  for  the 
pocket — an  arrangement  that  will  recommend  tnem  to  all  practical  men."— 'Engineer. 
"  Very  handy  :  a  man  may  know  that  all  his  day's  work  must  fall  on  two  of  these 
cards,  which  he  puts  into  his  own  card-case,  and  leaives  the  rest  hAxaA.**'—Aiheneeum, 
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Fiild'Book  for  Engifucrs. 

THE  EXGIXEER'Ss  MIXTXG  SURVEYOR'S,  and  CON- 
TRACTOR'S FIELD-BOOK.  By  W.  Davis  Haskoll,  Civil 
Ei^iaeer.  Third  Edition,  much  enlarged,  consisting  of  a  Series 
of  Tables,  with  Rnles,  Elxplanations  of  Systems,  and  Use  of  Theo- 
dolite  for  Txavose  Surveying  and  Plottii^  the  Work  with  minute 
accoracT  by  means  of  Straight  Edge  and  Set  Square  only ;  Levelling 
with  the  Theodolite,  Cas£^  out  and  Reducing  Levds  to  Datum, 
and  Plotting  Sections  in  the  ordinary  manner;  Setting  out  Curves 
with  the  Theodolite  by  Tangential  Angles  and  Multiples  with  Right 
and  Left-hand  Readings  of  the  Instrument;  Setting  out  Curves 
without  Theodolite  on  the  System  of  Tangential  Angles  by  Sets  of 
Tangents  and  Ofi^ts ;  and  Earthwork  Tables  to  80  feet  deep,  cal- 
culated for  every  6  inches  in  depth.  With  numerous  wood-cuts, 
i2mo,  price  izr.  doth. 


"A  Tciy  nseful  vock  for  die  ptactical  engineer  and  &urveyor.  Every  person 
ennrai  in  engineenng  fidd^  operadoDS  wfl]  esdmate  die  importance  of  sadi  a  work 
and  ue  sjBOont  of  valnable  dme  iHucfa  will  be  sa^Fcd  by  reference  to  a  set  of  reliable 
tables  piepared  with  the  accuracy  and  fulness  of  diose  given  in  this  volume.** — Rail- 

**  Tbe  book  is  rery  bandy,  and  the  author  might  have  added  that  die  separate  tables 
of  sines  and  tangents  to  eatery  minute  will  make  it  useful  for  many  other  purposes,  the 
genuine  traverse  tables  existmg  all  the  same.** — AtJketunmt, 

"  The  work  forms  a  handsome  pocket  rolume,  and  cannot  fail,  from  its  portability 
and  utility,  to  be  extensivdy  patronised  by  the  engineering  profession.' —^Vmcne^ 

"  We  strongly  recommend  Mr.  HaskoQ's  '  Field  Book'  to  all  classes  of  surveyors." 
^-Colliery  Guardian, 

"  We  blow  of  no  better  fidd-book  of  refexence  or  collecdon  of  tables  than  Mr. 
HaskoU's."— ^r//awf. 

Earthwork^  Measurement  and  Calculation  of. 

A  MANUAL  on  EARTHWORK.  By  Alex.  J.  S.  Graham, 
C.E.,  Resident  Engineer,  Forest  of  Dean  Central  Railway.  With 
numerous  Diagrams.     i8mo,  zr.  dd,  doth. 

*'  As  a  really  handv  book  for  reference,  we  know  of  no  work  equal  to  it ;  and  the 
railway  engineers  and  others  employed  in  the  measurement  and  calculation  (^  earth 
work  vdll  nnd  a  great  amount  of  practical  informaticm  very  admirably  arranged,  and 
available  for  general  or  rough  estimates,  as  well  as  for  the  more  exact  calculations 
required  in  the  engineers'  contractor's  offices." — Arttzan, 

Harbours. 

THE  DESIGN  and  CONSTRUCTION  of  HARBOURS  :  A 
Treatise  on  Maritime  Engineering.  By  Thomas  Stevenson, 
F.  R.  S.  E. ,  F.  G.  S. ,  M.  I.  C.  E.  Second  Edition,  containing  many 
additional  subjects,  and  otherwise  generally  extended  and  revised. 
With  20  Plates  and  numerous  Cuts.     Small  4to,  15^.  cloth. 

Mathematical  and  Drawing  Instruments. 

A  TREATISE  ON  THE  PRINCIPAL  MATHEMATICAL 
AND  DRAWING  INSTRUMENTS  employed  by  the  Engineer, 
Architect,  and  Surveyor.  By  Frederick  W.  Simms,  M.  Inst. 
C.E.,  Author  of  "  Practical  Tunnelling,"  &c.  Third  Edition,  with 
numerous  Cuts.     i2mo,  price  3^.  dd,  doth. 
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Bridge  Construction  in  Masonry y  Timber,  &  Iron. 

EXAMPLES   OF  BRIDGE  AND  VIADUCT  CONSTRUC- 

TION  OF  MASONRY,  TIMBER,  AND  IRON  ;  consisting  of 

46  Plates  from  the  Contract  Drawings  or  Admeasurement  of  select 

Works.     By  W.  Davis  Haskoll,  C.E.     Second  Edition,  with 

the  addition  of  554  Estimates,  and  the  Practice  of  Setting  out  Works, 

illustrated  with  6  pages  of  Diagrams.     Imp.  4to,  price  2/.  12s,  6d^ 

half-morocco. 

"  One  of  the  very  few  works  extant  descending  to  the  level  of  ordinary  routine,  and 

treating  on  the  common  cvery-day  practice  of  Uie  railway  engineer.  ...  A  work  of 

the  present  nature  by  a  man  of  Mr.  HaskoU's  experience,  must  prove  invaluable  M 

himdreds.    The  tables  of  estimates  appended  to  this  edition  will  considerably  enhance 

its  value." — Eneifteerins^. 

Mathematical  Instruments,  their  Construction,  &c. 

MATHEMATICAL  INSTRUMENTS  :  their  CONSTRUC- 
TION, ADJUSTMENT,  TESTING,  AND  USE;  comprising 
Drawing,  Measuring,  Optical,  Surveying,  and  Astronomical  Instru- 
ments. Bv  J.  F.  Heather,  M.A.,  Author  of  "Practical  Plane 
Geometry,  "Descriptive  Geometry,"  &c.  Enlarged  Edition,  for 
the  most  part  entirely  rewritten.  With  numerous  Wood-cuts. 
i2mo,  cloth  boards,  price  5^". 

Drawing  for  Engineers,  &c. 

THE     WORKMAN'S     MANUAL     OF     ENGINEERING 

DRAWING.      By  John   Maxton,   Instructor  in  Engineering 

Drawing,  Royal  Naval  College,  Greenwich,  formerly  of  R.  S.  N.  A., 

South  Kensington.  Third  Edition,  carefully  revised.  With  upwards 

of  300  Plates  and  Diagrams.     i2mo,  cloth,  strongly  bound,  ^,  6d, 

"  Even  accomplished  draughtsmen  will  find  in  it  much  that  will  be  of  use  to  them. 
A  copy  of  it  should  be  kept  for  reference  in  every  drawing  office." — Engineering. 
"  Indispensable  for  teachers  of  engineering  drawing." — Mechanics*  Magtusine, 

Oblique  Arches. 

A  PRACTICAL  TREATISE  ON  THE  CONSTRUCTION  of 
OBLIQUE  ARCHES.  By  John  Hart.  Third  Edition,  with 
Plates.     Imperial  8vo,  price  &y.  cloth. 

Oblique  Bridges. 

A  PRACTICAL  and  THEORETICAL  ESSAY  on  OBLIQUE 
BRIDGES,  with  13  large  folding  Plates.  By  Geo.  Watson 
Buck,  M.  Inst.  C.E.  Second  Edition,  corrected  by  W.  H, 
Barlow,  M.  Inst.  C.E.     Imperial  8vo,  12s.  cloth. 

"  The  standard  text-book  for  all  engineers  regarding  skew  arches,  is  Mr.  Buck's 
treatise,  and  it  would  be  impossible  to  consult  a  better." — Engineer, 

Pocket-Book  for  Marine  Engineers. 

A  POCKET  BOOK  FOR  MARINE  ENGINEERS.  Con- 
taining useful  Rules  and  Formulae  in  a  compact  form.  By  Frank 
Proctor,  A.  I.N.  A.  Second  Edition,  revised  and  enlarged. 
Royal  32mo,  leather,  gilt  edges,  with  strap,  price  4r. 

"We  recommend  it  to  our  readers  as  going  far  to  supply  a  loog-felt  want."— 
Naval  Science. 

"A  most  useful  companion  to  all  marine  engineers." — United  Service  GoMette. 

"  Scarcely  anything  required  by  a  naval  engineer  appears  to  have  been  for- 
gotten.— Iron, 
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Grantham  s  Iron  Ship-Buildingy  enlarged. 

ON  IRON  SHIP-BUILDING ;  with  Practical  Examples  and 
Details.     Fifth  Edition.     Imp.  4to,  boards,  enlarged  from  24  to  40 
Plates  {21  quite  new),  including  the  latest  Examples.     Together 
with  separate  Text,  i2mo,  cloth  limp,  also  considerably  enlai^ed. 
By  John  Grantham,  M.  Inst.  C.K,  &c     Price  2/.  zs.  complete. 

•  "  A  thoroughly  piractical  work,  and  every  question  of  the  many  in  relation  to  iron 
shipping  whicn  admit  of  diversity  of  opinion,  or  have  various  and  conflicting  personal 
intexests  attached  to  them,  is  treated  with  sober  and  impartial  wisdom  and  jp^ood  sense. 
.  .  .  .  As  good  a  volume  for  the  instruction  of  the  pupil  or  student  of  iron  naval 
ardiitecture  as  can  be  found  in  any  language."— Prar/iiea/  Mechanics*  Journal. 

**  A  veiy  elaborate  work.     .  It  forms  a  most  valuable  addition  to  the  history 

of  iron  shipbuilding,  while  its  having  been  prepared  by  one  who  has  niade  the  subject 
his  study  for  many  years,  and  whose  qualifications  have  been  repeatedly  recognised, 
win  recommend  it  as  one  of  practical  utility  to  all  interested  in  ib^hwlding^-^-Atmy 
and  Navv  Gazette. 

"  Mr.  Grantham's  work  is  of  great  interest.  ...  It  is  also  valuable  as  a  record 
of  the  progress  of  iron  shipbuilding.  ...  It  will,  we  are  confident,  command  an 
extensive  circulation  among  shipbuilders  in  general.  ...  By  order  of  the  Board 
of  Admiralty,  the  work  wOl  form  the  text-book  on  which  the  examination  in  iron  ship- 
building of^  candidates  for  promotion  in  the  dockyards  wilt  be  mainly  based."-  • 
Engineering. 

Wealis  Dictionary  of  Terms. 

A  DICTIONARY  of  TERMS  used  in  ARCHITECTURE, 
BUILDING,  ENGINEERING,  MINING,  METALLURGY, 
ARCHAEOLOGY,  the  FINE  ARTS,  &c.  By  John  Weale. 
Fifth  Edition,  revised  and  corrected  by  Robert  Hunt,  F.R.S., 
Keeper  of  Mining  Records,  Editor  of  **  Ure's  Dictionary  of  Arts," 
&c.     i2mo,  cloth  boards,  price  6j. 

"  A  book  for  the  enlightenment  of  those  whose  memory  is  treacherous  or  education 
deficient  in  matters  scientific  and  industrial.  The  additions  made. of  modem  disco- 
veries and  knowledge  are  extensive.  The  result  is  570  pages  of  concentrated  essence 
of  elementary  knowledge,  admirably  and  systematically  arranged,  and  presented  in 
neat  and  handy  form." — Iron. 

'*  The  best  small  technological  dictionary'  in  the  language." — Architect. 

*'  A  comprehensive  and  accurate  compendium.  Author,  editor,  and  publishers  de- 
Serve  high  commendations  for  producing  such  a  useful  work.  We  can  warmly  recom- 
mend such  a  dictionary  as  a  standard  work  of  reference  to  our  subscribers.  Every 
ironmonger  should  procure  it — no  engineer  should  be  without  it — builders  and  archi.' 
tects  must  admire  it — metallurgists  and  archaeologists  would  profit  by  it." — Iron- 
vtonj^r. 

"The  absolute  accuracy  of  a  work  of  this  character  can  only  be  judged  of  after 
extensive  consultation,  and  from  our  examination  it  appears  very  correct  and  very 
complete." — Mining  yourtial. 

"  There  is  no  need  now  to  speak  of  the  excellence  of  this  work  :  it  received  the  ap- 
proval of  the  community  long  ago.  Edited  now  by  Mr.  Robert  Hunt,  and  published 
m  a  cheap,  handy  form,  it  will  be  of  the  utmost  service  as  a  book  of  reference  scarcely 
to  be  exceeded  in  value." — Scotsman. 

Steam, 

THE  SAFE  USE  OF  STEAM  :  containing:  Rules  for  Unpro- 
fessional  Steam  Users.  By  an  Engineer.  Third  Edition.  i2mo. 
Sewed,  dd, 

N.  B. — This  little  work  should  be  in  the  hands  of  every  person 

hazfing  to  deal  with  a  Steam  Engine  of  any  kind. 

*|  If  steam-users  would  but  learn  this  little  book  by  heart,  and  then  hand  it  to 
their  stokers  to  do  the  same,  and  see  that  the  latter  do  it,  boiler  explosions  would 
become  sensations  by  their  rarity." — English  Mechanic. 
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ARCHITECTURE,   &c. 

♦ 

Constriiction. 

THE   SCIENCE  of  BUILDING :   An  Elementary  Treatise  on 

the  Principles  of  Construction.     By  E.  Wyndham  Tarn,  M.A., 

Architect.    With  47  Wood  Engjavings.    Demy  8vo.    8j.  dd,  cloth. 

**  A  very  valuable  book,  which  we  strongly  recommend  to  all  students." — Builder. 
"  No  architectural  student  should  be  without  this  hand-book." — Architect. 
'*  An  able  digest  ot  information  which  is  only  to  be  found  scattered  through  various 
works." — Engineering. 

Beaton  s  Pocket  Estimator. 

THE  POCKET  ESTIMATOR  FOR  THE  BUILDING 
TRADES,  being  an  easy  method  of  estimating  the  v9.rious  parts 
of  a  Building  collectively,  more  especially  applied  to  Carpenters* 
and  Joiners*  work^  priced  according  to  the  present  value  of  material 
and  labour.  By  A.  C.  Beaton,  Author  of  *  Quantities  and 
Measurements.*   33  Woodcuts.  Leather.  Waistcoat-pocket  size.  2J, 

Beaton! s  Builders*  and  Su'rveyors  Technical  Guide. 

THE  POCKET  TECHNICAL  GUIDE  AND  MEASURER 
•  FORBUILDERS  AND  SURVEYORS:  containing  a  Complete 
Explanation  of  the  Terms  used  in  Building  Construction,  Memo- 
randa for  Reference,  Technical  Directions  for  Measuring  Work  in 
all  the  Building  Trades,  &c.,  &c.  By  A.  C.  Beaton,  Author  of 
'Quantities  and  Measurements.*  With  19  Woodcuts.  Leather. 
Waistcoat-pocket  size.  2s. 

Villa  Architecture. 

A  HANDY  BOOK  of  VILLA  ARCHITECTURE ;  being  a 

Series  of  Designs  for  Villa  Residences  in  various  Styles.     With 

Detailed  Specifications  and  Estimates.     By  C  Wickes,  Architect, 

Author  of  "  The  Spires  and  Towers  of  the  Mediaeval  Churches  of 

England,'*  &c.      First  Series,   consisting  of  30  Plates  ;   Second 

Series,   31   Plates.      Complete  in   i  vol.   4to,  price  2/.    \os.  half 

morocco.     Either  Series  separate,  price  i/.  yj.  each,  half  morocco. 

**  The  whole  of  the  designs  bear  evidence  of  their  being  the  work  of  an  artistic 
architect,  and  they  will  prove  very  valuable  and  suggestive  to  architects,  students,  and 
amateurs." — Building  News. 

House  Painting. 

HOUSE  PAINTING,  GRAINING,  MARBLING,  AND 
SIGN  WRITING  ;  a  Practical  Manual  of.  With  9  Coloured 
Plates  of  Woods  and  Marbles,  and  nearly  150  W9od  Engravings. 
By  Ellis  A.  Davidson,  Author  of  *  Building  Construction,'  &c. 
Second  Edition,  carefully  revised.     i2mo,  6s.  cloth  boards. 

"  Many  persons  in  the  trade  may  profit  by  a  study  of  the  chapters  on  the  *  Princi- 
ples of  Decorative  Art,'  and  of  what  we  may  call  the  'lessons'  on  drawing  suitable 
for  sign  painters,  writers,  and  decorators.  These  chapters  will  be  of  considerable 
value  to  the  painter's  apprentices,  while  his  journeymen  will  certainly  be  interested  if 
not  benefited  by  their  perusal.  The  book  is  freely  illustrated,  and  has  some  coloured 
plates  of  woods  and  marbles.  It  contains  a  mass  of  information  of  use  to  the  amateur 
and  of  value  to  the  practical  man." — English  Mechanic. 

"  Deals  with  the  practice  of  painting  iu  ail  its  parts,  from  the  grinding  of  colours 
to  varnishing  and  gilding." — Architect. 

"  Carefully  and  lucidly  written,  and  entirely  reliable."— ^«/7(c/(?rr*  Weekly  Re- 
porter. 
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A  Book  on  Building, 

A  BOOK  ON  BUILDING,  CIVIL  AND  ECCLESIASTICAL. 

By  Sir  Edmund  Beckett,   Bart.,    LL.D.,   Q.C.„   F.R.A.S., 

Author  of  **  Clocks  and  Watches  and  Bells,"  &c     Crown  8vo, 

cloth,  with  Illustrations,  price  is.  6d, 

*'  A  book  which  is  sdways  amusing  and  nearly  always  instructive.     Sir  E.  Beckett 

will  be  read  for  the  raciness  of  his  style.    We  are  able  very  cordially  to  recommend 

all  persons  to  read  it  for  themselves.     The  style  throughout  is  in  the  highest  d^ree 

condensed  and  epigrammatic."— T'/iner.  Dec.  8,  1876. 

"  We  commend  the  book  to  th«  thoughtful  consideration  of  all  who  are  interested 
in  the  building  art" — Builder ,  Dec.  2,  1876. 

''There  is  hardly  a  subject^  connected  with  either  building  or  repairing^  on  which 
sensible  and  practical  directions  will  not^  be  found,  the  use  of  which  is  probably 
destined  to  prevent  many  an  annoyance,  disapp<Mntment,  and  tmnecessary  expense. 
—Daily  News,  Nov.  28,  1876. 

Architecture^  Ancient  and  Modern. 

RUDIMENTARY  ARCHITECTURE,  Ancient  and  Modem. 
Consisting  of  VITRUVIUS,  translated  by  Joseph  Gwilt, 
F.S.A.,  &c.,  with  23  fine  copper  plates;  GRECIAN  Archi- 
tecture, by  the  Earl  of  Aberdeen  ;  the  ORDERS  of 
Architecture,  by  W.  H.  Leeds,  Esq. ;  The  STYLES  of  Archi- 
tecture of  Various  Countries,  by  T.  Talbot  Bury;  The 
PRINCIPLES  of  DESIGN  in  Architecture,  by  E.  L.  Garbett. 
In  one  volume,  half-bound  (pp.  1,100),  copiously  illustrated,  I2J. 
\*  Sold  separately^  in  two  vols.^  as  follows — 

ANCIENT    ARCHITECTURE.      Containing  Gwilt's    Vitruvius 
and  Aberdeen's  Grecian  Architecture.     Price  6j.  half -bound. 

N.B.— r^iw  is  the  only  edition  of  VITRUVIUS  procurable  at  a 
moderate  price, 

MODERN  ARCHITECTURE.   Containing  tlie  Orders,  by  Leeds  ; 
The  Styles,  by  Bury ;  and  Design,  by  Garbett     dr.  half-bound. 

The  Young  Architect's  Book. 

HINTS  TO  YOUNG  ARCHITECTS.  By  George  Wight- 
wick,  Architect,  Author  of  "  The  Palace  of  Architecture,'*  &c.  &c. 
New  Edition,  revised  and  enlarged.  By  G.  HusKissoN  GuiL- 
laume.  Architect.  Numerous  illustrations.  1 2mo,  cloth  boards,  4J. 
"  Will  be  found  an  acquisition  to  pupils,  and  a  copy  ought  to  be  considered  as 

necessary  a  purchase  as  a  dox  of  instruments." — Architect. 

,  "  Contains  a  large  amount  of  information,  which  young  architects  will  do  well  to 

acquire,  if  they  wish  to  succeed  in  the  everyday  work  of  their  ^toi^9&\Qn,— English 

Mechanic. 

Drawing  for  Builders  and  Students. 

PRACTICAL  RULES  ON  DRAWING  for  the  OPERATIVE 
BUILDER  and  YOUNG  STUDENT  in  ARCHITECTURE. 
By  George  Pyne,  Author  of  a  **  Rudimentary  Treatise  on  Per- 
spective for  Beginners."    With  14  Plates,  4to,  Is,  6d.  boards. 

Builders  and  Contractors  Price  Book. 

LOCKWOOD  &  CO.'S  BUILDER'S  AND  CONTRACTOR'S 
PRICE  BOOK  for  1877,  containing  the  latest  prices  of  all  kinids 
of  Builders*  Materials  and  Labour,  and  of  all  Trades  connected 
with  Building,  &c.,  &c.  The  whole  revised  and  edited  by 
Francis  T.  W.  Miller,  Architect  and  Surveyor,  Fcap.  8vo, 
strongly  half-bound,  price  4r. 
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Handbook  of  Spedficahons, 

THE  HANDBOOK  OF  SPECIFICATIONS;  or,  Practical 
Guide  to  the  Architect,  Engineer,  Surveyor,  and  Builder,  in  drawing 
up  Specifications  and  Contracts  for  Works  and  Constructions. 
Illustrated  by  Precedents  of  Buildings  actually  executed  by  eminent 
Architects  and  Engineers.  Preceded  by  a  Preliminary  Essay,  and 
Skeletons  of  Specifications  and  Contracts,  &c.,  &c.  By  Professor 
Thomas  L.  Donaldson,  M.I.B.A.  With  A  Review  of  the 
Law  of  Contracts.  By  W.  Cunningham  Glen,  of  the 
Middle  Temple.  .  With  33  Lithographic  Plates,  2  vols.,  8vo,  2/.  2/. 

"  In  these  twovolumesof  i,zoo  pa^es  (together),  forty-four  specifications  of  executed 
works  are  given,  including  the  specifications  for  parts  of  the  new  Houses  of  Parliament, 
by  Sir  Charles  Barry,  and  tor  the  new  Royal  Exchange,  by  Mr.  Tite,  M.P. 
Donaldson's  Handbook  of  Specifications  must  be  bought  by  all  architects."-r<^i«VU!rr. 

Taylor  and  Cresys  Rome, 

THE  ARCHITECTURAL  ANTIQUITIES  OF  ROME.  By 
the  late  G.  L.  Taylor,  Esq.,  F.S.  A.,  and  Edward  Cresy,  Esq, 
New  Edition,  thoroughly  revised,  and  supplemented  under  the 
editorial  care  of  the  Rev.  Alexander  Taylor,  M.A.  (son  of 
the  late  G.  L.  Taylor,  Esq.),  Chaplain  of  Gray's  Inn.  This  is 
the  only  book  which  gives  on  a  large  scale,  and  with  the  precision 
of  architectural  measurement,  the  principal  Monuments  of  Ancient 
Rome  in  plan,  elevation,  and  detaiL  Large  folio,  with  130  Plates, 
half-bound,  price  3/.  3j. 
*^,*  Originally  published  in  two  volumes,  folio,  at  18/.  18/. 

Specifications  for  Practical  Architecture. 

SPECIFICATIONS  FOR  PRACTICAL  ARCHITECTURE : 

A  Guide  to  the  Architect,  Engineer,  Surveyor,  and  Builder ;  with 

an  Essay  on  the  Structure  and  Science  of  Modem  Buildings.     By 

Frederick  Rogers,  Architect.      With  numerous  Illustrations. 

Demy  8vo,  price  15^.,  cloth,     (Published  at  i/.  loj.) 

*^*  A  Yolumeof  specifications  of  a  practical  character  being  greatly  required,  and  the 

old  standard  work  of  Alfred  Bartholomew  bemg  out  of  print,  the  author,  on  the  basis 

of  that  work,  has  produced  the  above.     He  has  also  inserted  specifications  of  works 

that  have  been  erected  in  hb  own  practice. 

The  House-Owner^ s  Estimator, 

THE  HOUSE.OWNER»S  ESTIMATOR;  or.  What  wiU  it 
Cost  to  Build,  Alter,  or  Repair?  A  Price-Book  adapted  to  the 
Use  of  Unprofessional  People  as  well  as  for  the  Architectural 
Surveyor  and  Builder.  By  the  late  James  D.  Simon,  A.R.I.B.  A. 
Edited  and  Revised  by  Francis  T.  W.  Miller,  Surveyor.  With 
numerous  Illustrations.  Second  Edition,  with  the  prices  carefully 
revised  to  1875.     Crown  8vo,  cloth,  price  3 J.  dd. 

**  In  two  years  it  will  repay  its  cost  a  hundred  times  over." — Field. 

*'  A  very  handy  book  for  those  who  want  to  know  what  a  house  will  cost  to  build, 
alter,  or  repair."— £'«g'/ii>4  Mechanic.^ 

'•  Especially  valuable  to  non-professional  readers. — Mining  youmal. 

Cottages^  VillaSy  and  Country  Houses. 

DESIGNS  and  EXAMPLES  of  COTTAGES,  VILLAS,  and 
COUNTRY  HOUSES ;  being  the  Studies  of  several  cmment 
Architects  and  Builders  ;  consisting  of  Plans,  Elevations,  and  Per- 
spective Views ;  with  approximate  Estimates  of  the  Cost  of  each. 
In  4to,  with  67  plates,  price  i/.  is.  cloth. 
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CARPENTRY,  TIMBER,  MECHANICS. 

« 

Tredgold^s  Carpentry,  new  and  cheaper  Edition. 

THE  ELEMENTARY  PRINCIPLES  OF  CARPENTRY: 
a  Treatise  on  the  Pressure  and  Equilibrium  of  Timber  Framing,  the 
Resistance  of  Timber,  and  the  Construction  of  Floors,  Arches, 
Bridges,  Roofs,  Uniting  Iron  and  Stone  with  Timber,  &c.  To  which 
is  added  an  Essay  on  the  Nature  and  Properties  of  Timber,  &c., 
with  Descriptions  of  the  Kinds  of  Wood  used  in  Building ;  also 
numerous  Tables  of  the  Scantlings  of  Timber  for  dififerent  purposes, 
the  Specific  Gravities  of  Materials,  &c.  By  Thomas  Tredgold, 
C.E.  Edited  by  Peter  Barlow,  F.R.S.  '  Fifth  Edition,  cor- 
rected and  enlarged.  With  64  Plates  (i  i  of  which  now  first  appear 
in  this  edition),  Portrait  of  the  Author,  and  several  Woodcuts.  Li 
I  vol.,  4to,  pubUshed  at  2/.  2j".,  reduced  to  i/.  5j".,  cloth. 
"  * Tredgoltfs  Carpentry'  ought  to  be  in  every  architect's  and  every  builder's 
Ubraxy,  and  those  who  do  not  already  possess  it  ought  to  avail  themselves  of  the  new 
is^e.  — Builder, 

"A  work  whose  monumental  excellence  must  commend  it  wherever  skilful  car- 
I>«atry  is  concerned.  The  Author's  principles  are  rather  confirmed  than  impaired  by 
time,  and,  as  now  presented,  combine  the  surest  base  with  the  most  interesting  display 
of  progressive  science.  The  additional  plates  are  of  great  intrinsic  \^\xt^* "-Building 
News. 

Grandys  Timber  Tables, 

THE   TIMBER   IMPORTER'S,    TIMBER   MERCHANTS, 

and  BUILDER'S    STANDARD  GUIDE.      By  Richard  E. 

Grandy.     Comprising: — An  Analysis  of 'Deal  Standards,  Home 

and  Foreign,  with  comparative  Values  and  Tabular  Arrangements 

for  Fixing  Nett  Landegl  Cost  on  Baltic  and  North  American  Deals, 

including]  all  intermediate  Expenses,  Freight,  Insurance,  &c.,  &c.  ; 

together  with  Copious  Information   for  the  Retailer  and  Builder. 

Second  Edition.      Carefully  revised  and  corrected.      i2mo,  price 

3J.  (id.  cloth.  • 

"  Everything  it  pretends  to  be :  built  up  gradually,  it  leads  one  from  a  forest  to  a 

treenail,  and  throws  in,  as  a  makeweight,  a  host  of  material  concerning  bricks,  columns, 

cisterns,  &c. — all  that  the  class  to  whom  it  appeals  requires." — English  Mechanic, 

"  The  only  difficulty  we  have  is  as  to  what  is  not  in  its  pages.  What  we  have  tested 
of  the  contents,  taken  at  random,  is  invariably  correct." — Illustrated  Builder' s  Journal. 

Tables  for  Packing-Case  Makers.  • 

PACKING-CASE  TABLES  ;  showmg  the  number  of  Superficial 
Feet  in  Boxes  or  Packing-Cases,  from  six  inches  square  and 
upwards.  Compiled  by  William  Richardson,  Accountant. 
Oblong  4to,  cloth,  price  3^.  dd. 
**  Will  save  much  labour  and  calculation  to  oacking-case  makers  and  those  who  use 
packing-cases." — Grocer.  "  Invaluable  labour-saving  tables." — Ironmonger, 

Nicholsons  Carpenter s  Guide. 

THE  CARPENTER'S  NEW  GUIDE ;  or,  BOOK  of  LINES 
for  CARPENTERS  :  comprising  all  the  Elementary  Principles 
essential  for  acquiring  a  knowledge  of  Carpentiy.  Founded  on  the 
late  Peter, Nicholson's  standard  work.  A  new  Edition,  revised 
by  Arthur  Ashpitel,  F.S.A.,  together  with  Practical  Rules  on 
Drawing,  by  George  Pyne.     With  74  Plates,  4to,  i/.  u.  doth. 
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Dowsing s  Timber  Merchant's  Companion. 

THE  TIMBER  MERCHANT'S  AND  BUILDER'S  COM- 
PANION  ;  containing  New  and  Copious  Tables  of  the  Reduced 
Weight  and  Measurement  of  Deals  and  Battens,  of  all  siies,  from 
One  to  a  Thousand  Pieces,  and  the  relative  Price  that  each  size 
bears  per  Lineal  Foot  to  any  given  Price  per  Petersburgh  Standard 
Hundred ;  the  Price  per  Cube  Foot  of  Square  Timber  to  any  given 
Price  per  Load  of  50  Feet ;  the  proportionate  Value  of  Deals  and 
Battens  by  the  Standard,  to  Square  Timber  by  the  Load  of  50  Feet ; 
the  readiest  mode  of  ascertaining  the  Price  of  Scantling  per  Lineal 
Foot  of  any  size,  to  any  given  Figure  per  Cube  Foot.  Also  a 
variety  of  other  valuable  information.  By  William  Dowsing, 
Timber  Merchant.  Third  Edition,  Revised  and  Corrected.  Crown 
8vo,  3^.  cloth. 
**  Everything  is  as  concise  and  clear  as  it  can  possibly  "be  made.  There  can  be  no 
dloubt  that  every  timber  merchant  and  builder  pughtto  possess  it" — Hull  Advertiser. 

Tim^ber  Freight  Book, 

THE  TIMBER  IMPORTERS'  AND  SHIPOWNERS' 
FREIGHT  BOOK  :  Being  a  Comprehensive  Series  of  Tables  for 
the  Use  of  Timber  Importers,  Captains  of  Ships,  Shipbrokers, 
Builders,  and  all  Dealers  in  Wood  whatsoever.  By  William 
Richardson,  Timber  Broker.     Crown  8vo,  cloth,  price  6j. 

Hortoris  Measurer. 

THE  COMPLETE  MEASURER ;  setting  forth'  the  Measure- 
ment of  Boards,   Glass,  &c.,  &c. ;  Unequal-sided,   Square-sided, 
Octagonal-sided,  Round  Timber  and  Stone,  and  Standing  Timber. 
With    just   allowances  for  the  bark  in  the  respective  species  of 
trees,  and  proper  deductions  for  the  waste  in  hewing  the  trees, 
&c. ;   also  a  Table  showing  the  solidity  of   hewn  or  eight-sided 
timber,   or  of  any  octagonal-sided    column.      Compiled  for  the 
accommodation  of  Timber-growers,  Merchants,    and    Surveyors, 
Stonemasons,   Architects,    and  others.     By   Richard   Horton. 
Third  edition,  with  considerable  and  valuable  additions,    i2mo, 
•strongly  bound  in  leather,  5^. 
**Not  only  are  the  best  methods  of  measurement  shown,  and  in  some  instances 
illustrated  by  means  of  woodcuts,  but  tlie  erroneous  systems  pursued  by  dishonest 
dealers  are  fully  exposed The  work  must  be  considered  to  be  a  valuable  addi- 
tion to  every  gardener's  X^vcy.— Garden. 

Superficial  Measurem^ent. 

THE  TRADESMAN'S  GUIDE  TO  SUPERFICIAL  MEA- 
SUREMENT.  Tables  calculated  from  i  to  200  inches  in  length, 
by  I  to  108  inches  in  breadth.  For  the  use  of  Architects,  Surveyors, 
Engineers,  Timber  Merchants,  Builders,  &c  By  James  Haw- 
kings.     Fcp.  3J.  6^.  cloth. 

Practical  Timber  Merchant. 

THE  PRACTICAL  TIMBER  MERCHANT,  being  a  Guide 
for  the  use  of  Building  Contractors,  Surveyors,  Builders,  &c., 
comprising  useful  Tables  for  all  purposes  connected  with  the 
Timber  Trade,  Marks  of  Wood,  Essay  on  the  Strength  of  Timber, 
Remarks  on  the  Growth  of  Timber,  &c  By  W.  Richardson. 
Fcap.  8vo,  3J".  6^.,  cloth.  \yust  pttblished. 
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T/ie  Mechanu^s  Workshop  Companion, 

THE    OPERATIVE    MECHANIC'S    WORKSHOP    COM- 
PANION, and  THE  SCIENTIFIC  GENTLEMAN'S  PRAC- 
TICAL ASSISTANT.      By  William  Templeton.     Twelfth 
Edition,  with  Mechanical  Tables  for  Operative  Smiths,  Millwrights, 
Engineers,  &c. ;    and  an  Extensive  Table  of  Powers  and  Roots, 
&C.,  &c.     II  Plates.    i2mo,  5/.  bound. 
"  As  a  text-book  of  reference,  in  which  mechanical  and  commercial  demands  are 
jlidiciou»Iy  met,  TsMPLETOMr'sCoMPANiOM  stands  unrivalled." — Mechanic^ Mageuine, 
"  Admirably  adapted  to  the  wants  of  a  very  lar^e  class.     It  has  met  with  great 
tiicce«  in  the  engineering  workshop,  as  we  can  testify  ;  and  there  are  a  great  many 
men  who,  in  a  great  measure,  owe  their  rise  in  life  to  this  little  work.** — Building  News. 

Engineer's  Assistant 

THE  ENGINEER'S,  MILLWRIGHT'S,  and  MACHINIST'S 
PRACTICAL  ASSISTANT  ;  comprising  a  Collection  of  Useful 
Tables,  Rules,  and  Data.  Compiled  and  Arranged,  with  Original 
Matter,  by  William  Templeton.  5th  Edition.  i8mo,  2j.  6d, 
cloth. 

*'  So  much  varied  information  compressed  into  so  small  a  space,  and  published  at  ai 
price  which  places  it  within  the  reach  of  the  humblest  mechanic,  cannot  fail  to  com- 
mand the  sale  which  it  deserves.  With  the  utmost  confidence  we  commend  this  book 
to  the  attention  of  our  readers. — Mechanics'  Magazine. 

"A  more  suitable  present  to  an  apprentice  to  any  of  the  mechanical  trades  could  not 
possibly  be  mzdc,* '-BuHding  News, 

Designings  Measuring,  and  Valuing. 

THE  STUDENT'S  (iUIDE  to  the  PRACTICE  of  MEA- 
SURING,  and  VALUING  ARTIFICERS'  WORKS;  containing 
Directions  for  taking  Dimensions,  Abstracting  the  same,  and  bringing 
the  Quantities  into  Bill,  with  Tables  of  Constants,  and  copious 
Memoranda  for  the  Valuation  of  Labour  and  Materials  in  the  re- 
spective Trades  of  Bricklayer  and  Slater,  Carpenter  and  Joiner, 
Painter  and  Glazier,  Paperhanger,  &c.  With  43  Plates  and  Wood- 
cuts. Originally  edited  by  EDWARp  T)obson,  Architect.  New 
Edition,  re-written,  with  Additions  on  Mensuration  and  Construc- 
tion, and  useful  Tables  for  facilitating  Calculations  and  Measure- 
ments.   By  E.  Wyndham  Tarn,  M.A.,  8vo,  lor.  6</.  cloth. 

"  We  have  failed  to  discover  an^ythine  connected  with  the  building  trade,  from  ex- 
cavating foundations  to  bell-hanging,  that  is  not  fully  treated  upon.  *~^The  Artizan. 

**  Altogether  the  book  is  one  whioi  well  fulfils  the  promise  of  its  title-page,  and  vn 
can  thoroughly  recommend  it  to  the  class  for  whose  use  it  has  been  compiled.  Mr. 
Tarn's  additions  and  revisions  have  much  increased  the  usefulness  of  the  work,  and 
have  especially  augmented  its  value  to  s\.\xdLeaXs,'*'-'Engineering. 

Plumbing. 

PLUMBING  ;  a  text-book  to  the  practice  of  the  art  or  craft  of  the 
plumber.  With  supplementary  chapters  upon  house-drainage,  em- 
bodying the  latest  improvements.  By  William  Paton  Buchan, 
Sanitary  Engineer.  i2mo.  cloth,  with  about  300  illustrations. 
Price  3J.  6^/.  Just  published. 
*' There  is  no  other  manual  in  existence  of  the  plumber's  art;  and  the  volume  will 
be  welcomed  as  the  work  of  a  practical  master  of  nis  xxvAt,**— Public  Health, 

**  The  chapters  on  house-drainage  may  be  usefully  consulted,  not  only  by  plumbers, 
but  also  bv  engineers  and  all  engaged  or  interested  in  house-building. ' — Iron. 

**  A  book  containing  a  large  amount  of  practical  information,  put  together  in  a  very 
intelligent  manner,  by  one  who  is  well  qualified  for  the  task."— Ci/r  Press. 
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MATHEMATICS,  &c. 

♦ 

Gregory^ s  Practical  Mathematics, 

MATHEMATICS  for  PRACTICAL  MEN  ;  being  a  Common- 
place Book  of  Pure  and  Mixed  Mathematics.  Designed  chiefly 
for  the  Use  of  Civil  Engineers,  Architects,  ai>d  Surveyors.  Part  I. 
Pure  Mathematics — comprising  Arithmetic,  Algebra,  Geometry, 
Mensuration,  Trigonometry,  Conic  Sections,  Properties  of  Curves. 
Part  II.  Mixed  Mathematics — comprising  Mechanics  in  general, 
Statics,  Dynamics,  Hydrostatics,  Hydrodynamics,  Pneumatics, 
Mechanical  Agents,  Strength  of  Materials.  With  an  Appendix  of 
copious  Logarithmic  and  other  Tables.  By  Olinthus  Gregory, 
LL.D.,  F.R.A-S.  Enlarged  by  Henry  Law,  C.E.  4th  Edition, 
carefully  revised  and  corrected  by  J.  R.  Young,  formerly  Profes- 
sor of  Mathematics,  Belfast  College;  Author  of  **A  Course  of 
Mathematics,"  &c.     With  13  Plates.     Medium  8vo,  i/.  \s,  cloth. 

"  As  a  standard  work  on  mathematics  it  has  not  been  excelled." — Artizan. 

"  The  eng^eer  or  architect  will  here  find  ready  to  his  hand^^les  for  solving  nearly 
every  mathematical  difficulty  that  may  arise  in  his  practice.  The  rules  are  iiji  all  cases 
explained  by  mfians  of  examples,  in  which  every  step  of  the  process  is  clearly  worked 
owV*— Builder. 

*'One  of  the  most  serviceable  books  to  the  practical  mechanics  of  the  country. 

In  Uie  edition  just  brought  out,  the  work  has  again  been  revised  by 

Professor  Young.  He  has  modernised  the  notation  throughout,  introduced  a  few 
paragraphs  here  and  there,  and  corrected  the  numerous  typographical  errors  which 
have  escaped  the  eyes  of  the  former  Editor.  The  book  is  now  as  complete  as  it  is 
possible  to  make  it.  It  is  an  instructive  book  for  the  student,  and  a  Text- 
book for  him  who  having  once  mastered  the  subjects  it  treats  of,  needs  occasionally  to 
refresh  his  memory  upon  them.** — Building  News. 

The  Metric  System. 

A  SERIES  OF  METRIC  TABLES,  in  which  the  British 
Standard  Measures  and  Weights  are  compared  with  those  of  the 
Metric  System  at  present  in  use  on  the  Continent  By  C.  H. 
DowLiNG,  C.  E.  Second  Edition,  revised  and  enlarged.  8vo, 
lOf.  (xi.  strongly  bound. 

"  Mr.  Bowling's  Tables,  which  are  well  put  together,  come  just  in  time  as  a  ready 
reckoner  for  the  conversion  of  one  system  into  the  other." — Atheneeum. 

"Their  accuracy  has  been  certified  by  Prof.  Airy,  Astronomer-RoyaL"— .5«i7<j?!fr. 

"  Resolution  8. — ^That  advantage  will  be  derived  from  the  recent  publication  of 
Metric  Tables,  by  C  H.  Dowling,  CK'^—ReportofSectumF,  Brit.  Assoc.,  Bath, 

Comprehensive  Weight  Calculator, 

THE  WEIGHT  CALCULATOR;  being  a  Series  of  Tables 
upon  a  New  and  Comprehensive  Plan,  exhibiting  at  one  Reference 
the  exact  Value  of  any  Weight  from  lib.  to  15  Ions,  at  300  Pro- 
gressive Rates,  from  i  Penny  to  168  Shillings  per  cwt.,  and  con- 
taining 186,000  Direct  Answers,  which  with  their  Combinations, 
consisting  of  a  single  addition  (mostly  to  be  performed  at  sight), 
will  afford  an  aggregate  of  10,266,000  Answers  ;  the  whole  being 
calculated  and  designed  to  ensure  Correctness  and  promote 
Despatch.  By  Henry  Harben,  Accountant,  Sheffield,  Author 
of  *The  Discount  Guide.'  An  entirely  New  Edition,  carefully 
revised.     Royal  8vo,  strongly  half-boimd,  3ar.        \.y^5t  Published. 


TTOILKS  I!C  MATHEMATICS,  ETC, 


I'rVL  1'1^CC'VNT  G  L  ii^  -  camprisiDg:  several  Scries  of  Tables 
rjr  -lit  MsJt  vr  IMerdxaxHE.  Man'.lntmgUw  irarnnnrggers.  and  athes%, 
:«T  V.  hici.  rary  :«  ascerTEincS  ibe  rxarr  profit  arnirng  from  jonr  mode 
'.if  n?tnp  I  iisctnnr.E.  eitbcr  in  the  Pnr^xase  or  Sale  of  Goods,  and 
tii^  metiio:.  of  crber  Altering  a  Kate  of  I^stscnxnt,  -or  Adhrsnoi^  a 
Irise.  SI'  zf  '.o  "prodnce.  In"  one  opeaalkm,  a  sam  iSssl  "inl!  idealise 
acT  reamrEC  T»Tafe  after  aDowmg:  one  or  more  Discomit? :  to  miiidi 
art  addef  Tahi»  of  Prt»5t  or  Advanee  from  i  J  to  90  per  cent., 
Ttbitt-  c*f  Discount  from  j}  to  c(Sf  per  cent.,  and  Tables  cdfCominis- 
Siion.  ic.  from  *  10  loper  ocait.    Bt  Hecrt  Haxben,  Acconntant, 
Aiitbor  of  "The  Wesglil  Oucmalor.''    Xeir  Editiao,  laiefuHy  Re- 
rised  tiac  Corrected.     In  abasdsome  demr  Sro.  w>lume  (544  pp.), 
siroag.v  aui  eiegant'j  balf-bomid,  pncejf  I  ys.         UFfst  fmAftxinf. 

/^wood's  Tables^  greatly  etUarged  and  improved. 

TABLES  FOR  THE  PURCHASDCG  of  ESTATES,  Fredold, 
Cop]rbold,  or  I^^sehold ;  Aaiiaiiies,  AdrofwsQiis,  &c,  and  for  tiie 
Reneving  of  Leues  facid  mder  Cathedral  Chnrdies,  Collies,  or 
other  ctupoiaie  bodies;  for  Texms  of  Years  oertam,  aiid  for  Lr^  ; 
also  ioT  Vahzing  Revexsionary  Estates,  Deferred  AmmitieSy  Meat 
Presoitadoiis,  &c,  togelherwith  Smart's  Fhre  Tables  of  CompOTnid 
Interest,  and  an  Extensioo  of  tfie  same  to  Lower  and  Intermediate 
Rates.  Bj  William  Ikwood,  Architect  The  20th  edition,  wi^ 
ocmsiderable  additicms,  and  new  and  valuable  Tables  of  Logarithms 
for  the  more  £>ifficiilt  Computatioos  of  the  Interest  of  Money,  Dis- 
coant,  Amraities,  &c.,  bj  ^L  F£dor  Thoman,  of  the  Soci^ 
Credit  Mobilier  of  Paris.  i2mo,  &-.  cloth. 
"  Those  interested  in  the  purchase  and  sale  cS  estates,  and  in  the  adjustment  of 
compensation  cases,  as  well  as  in  transactions  in  annuities,  life  insurances,  &c.,  will 


find  the  present  edttion  oi  eminent  tenner**— BngrineeriMg^. 

" '  Inwood's  Tables'  sdll  maintain  a  most  ens-ialxe  reputation.  The  ne  v  issue  has  been 
enriched  bv  large  additional  contributions  by  M.  F^or  Thoman,  whose  carefully 
arranged  Tables  of  Logarithms  for  the  more  Diflicult  Computations  of  the  Interest  of 
Money,  Discount,  Annuities,  &c,  caimot  fail  to  be  of  the  utmost  utility."— J^xVm'm^ 
Journal. 

Geometry  far  the  Architect,  Engineer,  &c. 

PRACTICAL  GEOMETRY,  for  the  Architect,  Engineer,  and 
Mechanic ;  giving  Rules  for  the  Delineation  knd  Application  of 
variouif  Geometrical  Lines,  Figures  and  Curves.    By  E.  W.  Tarn, 
M.A.,   Architect,    Author  of   "The  Science  of  Building,"  &c. 
With  164  Illustrations.     Demy  8vo.     12s.  6d, 
"No  book  with  the  same  objects  in  view  has  ever  been  published  in  which  the 
clearness  of  the  rules  laid  down  and  the  illustrative  diagrams  have  been  so  satis- 
factory. " — Scotsman. 

Compound  Interest  and  Annuities, 

THEORY  of  COMPOUND  INTEREST  and  ANNUITIES  ; 
with  Tables  of  Logarithms  for  the  more  Difficult  Computations  of 
Interest,  Discount,  Annuities,  &c.,  in  all  their  Applications  and 
Uses  for  Mercantile  and  State  Purposes.  With  an  elaborate  Intro- 
duction. By  FfeDOR  Thoman,  of  the  Society  Credit  Mobilier, 
Paris.     i2mo,  cloth,  51. 

"  A  very  powerful  work,  and  the  Author  has  a  very  remarkable  command  of  his 
■ubleet."— /*re/t'Jwrw4.  d*  Mcrean. 

*'  Wo  recoiiuncnd  it  to  the  nouce  of  actuaries  and  accountants."— ^/A^yuTMM. 
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SCIENCE  AND  ART. 


The  Military  Sciences. 

AIDE-MfiMOIRE  to  the  MILITARY  SCIENCES.  Framed 
from  Contributions  of  Officers  and  others  connected  with  the  dif- 
ferent Services.  Originally  edited  by  a  Committee  of  the  Corps  of 
Royal  Engineers.  Second  Edition,  most  carefully  revised  by  an 
Officer  of  the  Corps,  with  many  additions ;  containing  nearly  350 
Engravings  and  many  hundred  Woodcuts.  3  vols,  royal  8vo,  extra 
cloUi  boards,  and  lettered,  price  4/.  lOf. 

"A  compendious  encyclopaedia  of  military  knowledge." — Edinburgh  Review^ 
"  The  most  comprehensive  work  of  reference  to  the  military  and  collateral  sciences." 
'—'VolunUer  Servic*  Gasette, 

Field  Fortification. 

A  TREATISE  on  FIELD  FORTIFICATION,  the  ATTACKv 
of   FORTRESSES,   MILITARY     MINING,    and    RECON- 
NOITRING.    By  Colonel  I.   S.  Macaulay,  late  Professor  of 
Fortification  in  the  R.  M.  A.,  Woolwich.     Sixth  Edition,  crown 
8vo,  doth,  with  separate  Atlas  of  12  Plates,  price  12s,  complete. 

Field  Fortification. 

HANDBOOK  OF   FIeLD   FORTIFICATION,  intended  for 
the  Guidance  of  Officers  preparing  for  Promotion,  and  especially 
adapted  to  the  requirements  of  Beginners.     By  Major  W.    W.. 
Knollys,  F.R.G.S.,  93rd  Sutherland  Highlanders,  &c.     With 
163  Woodcuts.     Crown  8vo,  3^.  6d,  cloth. 

Storms. 

STORMS :  their  Nature,  Classification,  and  Laws,  with  the 
Means  of  Predicting  them  by  their  Embodiments,  the  Clouds. 
By  WiLXiAM  Blasius.  With  Coloured  Plates  and  numerous 
Wood  Engravings.     Crown  Svo,  loj.  6d.  cloth  boards. 

Light-Houses. 

EUROPEAN  LIGHT-HOUSE  SYSTEMS  ;  being  a  Report  of 
a  Tour  of  Inspection  made  in  1873.  By  Major  George  H. 
Elliot,  Corps  of  Engineers,  U.S.A.  Illustrated  by  51  En- 
gravings and  31  Woodcuts  in  the  Text.     8vo,  21s.  cloth. 

Dye-  Wares  and  Colours. 

THE  MANUAL  of  COLOURS  and  DYE- W ARES :  their 
Properties,  Applications,  Valuation,  Impurities,  and  Sophistications. 
For  the  Use  of  Dyers,  Printers,  Dry  Salters,  Brokers,  &c.  By  J. 
W.  Slater.     Post  8vo,  cloth,  price  ^s.  6d. 


ti 


'A  complete  encvclopaedia  of  the  materia  tinctoria.  The  information  given 
respecting  each  article  is  full  and  precise,  and  the  methods  of  determinmg  the  value 
cf  articles  such  as  these,  so  liajtile  to  sopnistication,  are  given  with  clearness,  and  are 
practical  as  well  as  valuable."— C<^i«2f/  and  Druggist, 
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Electricity. 

A  MANUAL  of  ELECTRICITY ;  including  Galvanism,  Mag- 
netism, Diamagnetism,  Electro-Dynamics,  Magno- Electricity,  and 
the  Electric  Telegraph.  By  Henry  M.  Noad,  Ph.D.,  F.C.S., 
Lecturer  on  Chemistry  at  St.  George's  HospitaL  Fourth  Edition, 
entirely  rewritten.    Illustrated  by  500  Woodcuts.   8vo,  i/.  4f.  cloth. 

"  The  commendations  already  bestowed  in  the  paees  of  the  Lancet  on  the  fonner 
editions  of  this  work  are  more  than  ever  merited  by  ue  present.  The  accounts  given 
of  electricity  and  galvanism  are  not  only  complete  m  a  scientific  sense,  but,  which  i&  a 
rarer  thing,  are  popular  and  interesting." — Lancet. 

Text-Book  of  Electricity, 

THE  STUDENTS  TEXT-BOOK  OF  ELECTRICITY.  By 
Henry  M.  No  ad,  Ph.D.,  Lecturer  on  Chemistry  at  St.  George's 
Hospital.  New  Edition,  revised  and  enlarged,  with  additions  on 
Telegraphy,  by  G.  E.  Preece,  Esq.     Upwards  of  400  Illustrations. 

\_In  Preparation, 

Rudimentary  Magnetism. 

RUDIMENTARY  MAGNETISM :  being  a  concise  exposition 
of  the  general  principles  of  Magnetical  Science,  and  the  purposes 
to  which  it  has  been  applied.  Bv  Sir  W.  Snow  Harris,  F.R.S. 
New  and  enlarged  Edition,  with  considerable  additions  by  Dr. 
NoAD,  Ph.D.     With  165  Woodcuts.     i2mo,  cloth,  \s.  6d. 

"  As  concise  and  lucid  an  exposition  of  the  phenomena  of  magnetism  as  we  believe 
it  is  possible  to  write." — English  Mechanic. 

*'  Not  only  will  the  scientific  student  find  this  volume  an  invaluable  book  of  refer- 
ence, but  the  general  reader  will  find  in  it  as  much  to  interest  as  to  inform  his  mind. 
Though  a  stnctly  scientific  work,  its  subject  is  handled  in  a  simple  and  readable 
tXyXc.  -—Illustrated  Review. 

'*  There  is  a  good  index,  and  this  volume  of  4x9  pages  may  be  considered  the  best 
possible  manusu  on  the  subject  of  magnetism." — Mechanic^  Magazine. 

Chemical  Analysis. 

THE  COMMERCIAL  HANDBOOK  of  CHEMICAL  ANA- 
LYSIS  ;  or  Practical  Instructions  for  the  determination  of  the  In- 
trinsic or  Commercial  Value  of  Substances  used  in  Manufactures, 
in  Trades,  and  in  the  Arts.  By  A.  Normandy,  Author  of  **  Prac- 
tical Introduction  to  Rose's  Chemistry,"  and  Editor  of  Rose's 
"Treatise  on  Chemical  Analysis."  Neiv Edition,  Enlarged,  and 
to  a  great  extent  re-written,  by  Henry  M.  Noad,  Ph.  D.,  F.R.S. 
With  numerous  Illustrations.   Cr.  8vo,  \2s,  6d,  cloth. 

"We  recommend  this  book  to  the  careful  perusal  of  every  one ;  it  may  be  truly 
affirmed  to  be  of  universal  interest,  and  we  strongly  recommend  it  to  our  readers  as  a 
guide,  alike  indispensable  to  the  hoiu^ewife  as  to  the  pharmaceutical  practitioner."— 
Medical  Times. 

•  "Will  be  found  to  be  essential  to  the  analysts  appointed  under  the  new  Act.  .  .  . 
In  all  cases  the  most  recent  results  are  given,  and  die  work  is  well  edited  and  care- 
fully written." — Nature. 

Mollusca.  « 

A  MANUAL  OF  THE  MOLLUSCA  ;  being  a  Treatise  on 
Recent  and  Fossil  Shells.  By  Dr.  S.  P.  Woodward,  A.L.S. 
With  Appendix  by  Ralph  Tate,  A.L.S.  F.G.S.  With  numer- 
ous Plates  and  300  Woodcuts.  Third  Edition.  Crown  Svo,  7^.  td, 
cloth  gilt. 
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Clocks^  Watches,  and  Bel(s. 

RUDIMENTARY  TREATISE  on  CLOCKS,  and  WATCHES, 
and  BELLS.  By  Sir  Edmund  Beckett,  Bart,  (late  E.  B. 
Denison),  LL.D.,  Q.C.,  F.R.A.S.,  Author  of  **  Astronomy  with- 
out Mathematics,"  &c.  Sixth  edition,  thoroughly  revised  and 
enlarged,  with  numerous  Illustrations.  Limp  cloth  (No.  67, 
Weale's  Series),  41.  6t/.;  cloth  boards,  $s.  6d, 

"As  a  popular,  and,  at  the  same  time,  practical  treatise  on  clocks  and  bells,  it  is 
unapproached" — English  Mechanic. 

**  The  best  wotk  on  the  subject  probably  extant  .  .  .  So  far  as  we  know  it  has 
no  competitor  worthy  of  the  name.  The  treatise  on  bells  is  undoubtedly  the  best  in 
the  language.  It  shows  that  the  author  has  contributed  very  much  to  their  modern 
improvement,  if  indeed  he  has  not  revived  this  art,  which  was  decaying  here  .  .  . 
To  call  it  a  rudimentary  treatise  is  a  misnomer,  at  least  as  respects  clocks  and  bells. 
It  is  something  more.  It  is  the  most  important  work  of  its  kind  in  English." — 
Enf^tieerinz. 

"The  only  modem  treatise  on  clock-making." — Horological youmal. 

*' Without  having  any  special  interest  in  the  subject,  and  even  without  possessing 
any  general  aptitude  for  mechanical  studies,  a  reader  must  be  very  unintelligent  who 
cannot  find  matter  to  engage  his  attention  in  this  work.  The  litde  boojc  now 
appears  revised  and  enlarged,  being  one  of  the  most  praiseworthy  volumes  ia 
Weale's  admirable  scientific  and  educational  series." — Daily  Telegraph, 

"We  do  not  know  whether  to  wonder  most  at  the  extraordinary  cheapness  of  this 
admirable  treatise  on  clocks,  bv  the  most  able  authority  on  such  a  subject,  or  the 
thorough  completeness  of  his  work  even  to  the  minutest  details.  The  chapter  on  bells  is 
singular  and  amusing,  and  will  be  a  real  treat  even  to  the  uninitiated  general  reader. 
The  illustrations,  notes,  and  indices,  make  the  work  completely  perfect  of  its  kind." — 
Standard. 

"  There  is  probably  no  book  in  the  English  language  on  a  technical  subject  so 
easy  to  read,  and  to  read  through,  as  the  treatise  on  clocks,  watches,  and  bells, 
written  by  the  eminent  Parliamentary  Cqunsel,  Mr.  E.  B.  Denison — now  Sir  Edmund 
Beckett,  Bart," —A  rvhilecl. 


Science  and  Scripture. 


SCIENCE  ELUCIDATIVE  OF  SCRIPTURE,  AND  NOT 
ANTAGONISTIC  TO  IT ;  being  a  Series  of  Essays  on— i. 
Alleged  Discrepancies ;  2.  The  Theory  of  the  Gedlogists  and 
Figure  of  the  Earth;  3.  The  Mosaic  Cosmogony;  4.  Miracles  in 
general — Views  of  Hume  and  Powell ;  5.  The  Miracle  of  Joshua — 
Views  of  Dr.  Colenso :  The  Supematurally  Impossible ;  6.  The 
Age  of  the  Fixed  Stars— their  Distances  and  Masses.  By  Professor 
J.  R.  Young,  Author  bf  "  A  Course  of  Elementary  Mathematics," 
&c.  &c     Fcap.  8vo,  price  5^.  cloth  lettered. 

"  Professor  Young's  examinadon  of  the  cady  verses  of  Genesis,  in  connection  with 
modem  scientific  hypotheses,  is  excellent." — JSnglish  Ckurchntan. 


gtilar  weakness  of  modem  sccptxcv&m.** ^Baptist  Magazine. 

"  A  valuable  contribution  to  controversial  theological  literature.'*— CtVj'  Press, 

Practical  Philosophy. 

A  SYNOPSIS  of  PRACTICAL  PHILOSOPHY.  By  the  Rev. 
John  Carr,  M.A.,  late  Fellow  of  Trin.  ColL,  Cambridge.  Second 
Edition.     i8mo,  5^.  cloth. 
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Dr,  Lardners  Museum  of  Science  and  Art. 

THE  MUSEUM  OF  SCIENCE  AND  ART.  Edited  by 
DiONYSius  Lardner,  D.C.L.,  formerly  Professor  of  Natural  Phi- 
losophy and  Astronomy  in  University  College,  London.  Contents  : 
The  Planets  ;  are  they  inhabited  Worlds  ? — Weather  Prognostics — 
Popular  Fallacies  in  Questions  of  Physical  Science — Latitudes  and 
Longitudes — Lunar  Influences — Meteoric  Stones  and  Shooting 
Stars  —  Railway  Accidents  —  Light — Common  Things  :  Air — 
Locomotion  in  the  United  States — Cometary  Influences — Common 
Things:  Water — The  Potter's  Art — Common  Tilings:  Fire  — 
Locomotion  and  Transport,  their  Influence  and  Progress — The 
Moon — Common  Things  :  the  Earth — The  Electric  Telegraph — 
Terrestrial  Heat — The  Sun — Earthquakes  and  Volcanoes — Baro- 
meter, Safety  Lamp,  and  Whitworth's  Micrometric  Apparatus — 
Steam — The  Steam  Engine — The  Eye — The  Atmosphere — Time 
— Common  Things*:  Pumps — Common  Things  :  Spectacles,  the 
Kaleidoscope — Clocks  and  Watches — Microscopic  Drawing  and 
Engraving — Locomotive — Thermometer — New  Planets  :  Lever- 
rier  and  Adams's  Planet — Magnitude  and  Minuteness — Common 
Things  :  the  Almanack — Optical  Images — How  to  observe  the 
Heavens — Common  Things  :  the  Looking-glass — Stellar  Universe 
— The  Tides  —  Colour  —  Conmion  Things  :  Man  —  Magnifjring 
Glasses — Instinct  and  Intelligence — The  Solar  Microscope— The 
Camera  Lucida — The  Magic  Lantern — The  Camera  Obscura — 
The  Microscope — The  White  Ants  :  their  Manners  and  Habits — 
The  Surfece  of  the  Earth,  or  First  Notions  of  Geography — Science 
and  Poetry — The  Bee  —  Steam  Navigation  —  Electro-Motive 
Power— Thunder,  Lightning,  and  the  Aurora  Borealis-J-The 
Printing  Press — The  Crust  of  the  Earth — Comets — The  Stereo- 
scope— The  Pre-Adamite  Earth — Eclipses — Sotmd.  With  up- 
wards of  1 200  Engravings  on  Wood.  In  6  Double  Volumes. 
Price  £\  u.,  in  a  new  and  elegant  cloth  binding,  or  handsomely 
bound  in  half  morocco,  31J.  6e/. 

"The  'Museum  of  Science  and  Art'  is  the  most  valuable  coiftribution  that  has 
ever  been  made  to  the  Scientific  Instnuciion  of  every  dass  of  society." — Sir  David 
Brewster  tn  the  North  British  Review. 

**  Whether  we  consider  the  liberality  and  beauty  of  the  illustrations,  the  charm  of 
the  writing,  or  the  durable  interest  of  the  matter,  we  must  express  our  belief  that 
there  is  har^y  to  be  found  among  the  new  books,  one  that  would  be  welcomed  by 
people  of  so  many  ages  and  classes  as  a  valuable  pTescat,**—'Bxii9nimr. 

*♦*   Se^orate  books  formed  from  the  above ^  suitable  for  Workmen^ s 

Libraries^  Science  Classes,  &*c. 

Common  Things  Explained.    With  233  lUustrations,  Ss,  cloth. 
The  Electric  Telegraph  Popularized.  100  Illustrations,  ij-.6<ild6th. 
The  Micboscope.     With  147  Illustrations,  2s,  doth. 
Popular  Geology,     With  201  Illustrations,  2s.  6d.  d6th. 
Popular  Physics.     With  85  Illustrations.     2s,  6d,  cloth. 
Popular  Astronomy.    With  182  Illustrations,  4s,  6d,  doth. 
Steam  and  its  Uses.     With  89  Illustrations,  2s,  cloth. 
The  Bee  and  White  Ants.     With  135  Illustrations,  2J.,  cloth. 
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DR.   LARDNER'S    SCIENTIFIC    HANDBOOKS. 


Astronomy. 

THE    HANDBOOK    OF    ASTRONOMY.      By  Dionysius 
Lardner,  D.C.L.,  formerly  Professor  of  Natural  Philosophy  and 
Astronomy  m  University  College,  London. .   Fourth  Edition.   Re- 
vised and  Edited  by  Edwin  Dunkin,  F.R.S.,  Superintendent 
of   the  Altazimuth  Department,  Royal  Observatory,   Greenwich. 
With  38  plates  and  upwards  of  lOO  Woodcuts.     In  one  thick  vol., 
Crown  8vo,  price  9^.  dd.  cloth. 
"Probably  no  other  book  contains  the  same  amount  of  information  in  so  com- 
pendious and  well-arranged  a   form— certainly  none  at  the  price  at  which  this  is 
offered. " — A  theneeutn. 

"  A  trustworthy  and  valuable  guide  to  the  study  of  astronomy." — English  MecJui/Uc. 

Optics. 

THE  HANDBOOK  OF  OPTICS.  New  Edition.  Edited  by 
T.  Olver  Harding,  B.  A.  Lond.,  of  University  College,  London. 
With  298  Illustrations.     Small  8vo,  cloth,  448  pages,  price  5^. 

Electricity. 

THE  HANDBOOK  of  ELECTRICITY,  MAGNETISM,  and 

ACOUSTICS.     New  Edition      Edited  by  Geo.  Carey  Foster, 

B.A.,  F.C.S.    With  400  Illustrations.     Small  8vo,  cloth,  price  5s. 

**  The  book  could  not  have  been  entrusted  to  any  one  better  calculated  to  preserve 

the  terse  and  lucid  style  of  Lardner,  while  correcting  his  errors  and  bringing  up  his 

work  to  the  present  state  of  scientific  knowledge." — Poplar  Science  Review. 

Mechanics. 

THE  HANDBOOK  OF  MECHANICS.  Revised  and  en- 
larged by  B.  LoEWY,  F.R.A.S.  \In  preparatmi. 

Hydrostatics. 

THE  HANDBOOK  of  HYDROSTATICS  and  PNEUMATICS. 
New  Edition,  Revised  and  Enlarged  by  Benjamin  Loewy, 
F.R.A.S.     With  numerous  Illustrations.     5J.  \Just  published. 

Heat. 

THE  HANDBOOK  OF  HEAT.  New  Edition,  Re-written  and 
Enlarged.     By  Benjamin  Loewy,  F.R.  A. S.    5j.      [Just  Ready. 

Animal  Physics. 

THE  HANDBOOK  OF  ANIMAL  PHYSICS.  With  520 
Illustrations.     New  edition,  small  8vOy  cloth,  7^.  dd,  732  pages. 

Electric  Telegraph. 

THE   ELECTRIC  TELEGRAPH.      New  Edition.      Revised 
and  Re-written  by  E.  B.  Bright,  F.R.A,S.     140  lUustwtions. 
Small  8vo,  25.  6d.  cloth. 
**  One  of  the  most  readable  books  extant  on  the  Electric  Telegraph."'->S»^.  Mechanic, 

NATURAL  PHILOSOPHY  FOR  SCHOOLS.     By  Dr.  Lardner. 
328  Illustrations.     Fifth  Edition.     I  vol.  3^.  6^?!  cloth. 
"  Conreys.  in  clear  and  precise  terms,  general  notions  of  all  the  principal  divisions 
of  Pky^cal  Science. "' — Brttisk  Quarterly  Review. 

ANIMAL  PHYSIOLOGY  FOR  SCHOOLS.     By  Dr.  Lardner. 
With  190  Illustrations.     Second  Edition,     i  vol.  3j.  6d.  cloth. 
"Clearly  Ywitten, well  arranged,  and  excellently  illustrated.'*— (?anj8fiiK»^*C'A«w»fte&. 
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Geology  and  Genesis  Harmonised. 

THE  TWIN  RECORDS  of  CREATION;  or.  Geology  and 
Genesis,  their  Perfect  Harmony  and  Wonderful  Concord.  By 
George  W.  Victor  Le  Vaux.  With  numerous  Illustrations. 
Fcap.  8vo,  price  5^.  cloth. 
"  We  can  recommend  Mr.  Le  Vaux  as  an  able  and  interesting  guide  to  a  popular 
appreciation  of  geological  science." — Spectator, 

"The  author  combines  an  unbounded  admiration  of  science  with  an  unbounded 
admiration  of  the  Written  Record." — London  Review. 

Geology^  Physical, 

PHYSICAL  GEOLOGY.  (Partly  based  on  Major-General 
Portlock's  Rudiments  of  Geology.)  By  Ralph  Tate,  A.L.S., 
F.G.S.     Numerous  Woodcuts.     i2mo,  2j, 

Geology^  HistoricaL 

HISTORICAL  GEOLOGY.  (Partiy  based  on  Major-General 
Portlock's  Rudiments  of  Geology.)  By  Ralph  Tate,  A.L.S., 
F.G.S.     Numerous  Woodcuts.     i2mo,  2^.  6^. 

**  Or  Physical  and  Historical   Geology,  bound  in  One 
Volume^  price  ^s. 

Wood'  Carving. 

INSTRUCTIONS  in  WOOD-CARVING,  for  Amateurs;  with 
Hints  on  Design.     By  A  Lady.     In  emblematic  wrapper,  hand- 
somely printed,  with  Ten  large  Plates,  price  2.s.  6d. 
"  The  handicraft  of  the  wood-carver,  so  well  as  a  book  can  impart  it,  may  be  learnt 
from  *  A  Lady's '  publication." — Athenaeum. 

"  A  real  practical  guide..    It  is  very  complete'*— Literuty  Churchman. 
**  The  directions  given  are  plain  and  easily  understood,  and  it  forms  a  very  good 
introduction  to  the  practical  part  of  the  carver's  art." — English  Mechanic. 

Popular  Work  on  Painting. 

PAINTING    POPULARLY    EXPLAINED;   with    Historical 
Sketches  ofthe  Progress  of  the  Art    By  Thomas  John  Gullick, 
Painter,  and  John  Times,  F.S.A.     Second  Edition,  revised  and 
enlarged.    With  Frontispiece  and  Vignette.    In  small  8vo,  6j.  cloth. 
\*   This  Work  has  been  adopted  as  a  Prize-book  in  the  Schools  of 
Art  at  South  Kensington. 
**  A  work  that  may  be  advantageously  consulted.     Much  may  be  learned,  even  b^ 
those  who  fancy  they  do  not  require  to  be  taueht,  from  the  careful  perusal  of  this 
unpretending  but  comprehensive  treatise.** — Art  Journal. 

**  A  valuable  book,  which  supplies  a  want  It  contains  a  large  amount  of  <ms^al 
matter,  agreeaUy  conveyed,  and  will  be  found  of  value,  as  well  by  the  young  artist 
seeking  information  as  by  the  general  reader.  We  give  a  cordial  welcome  to  the  book,, 
and  augur  for  it  an  increasing  repxitsition.'* —Builder. 

Grammar  of  Colouring. 

A  GRAMMAR  OF  COLOURING,  applied  to  Decorative 
Painting  and  the  Arts.  By  George  Field.  New  edition,  en- 
larged and  adapted  to  the  use  of  the  Ornamental  Painter  and 
Designer,  by  Ellis  A.  Davidson.  With  new  Coloured  Diagrams 
and  numerous  Engravings  on  Wood.     i2mo,  3J.  cloth  boards. 

"One  of  the  most  Useful  of  student's  books,  and  probably  the  best  known  of  the 
few  we  have  on  the  subject."— ^nrAz/^f^ 

"  The  book  is  a  most  useful  risumi  of  the  properties  of  pigments." — Builder. 

"  This  treatise  forms  a  most  valuable  vade  mecum  for  the  ornamental  painter  and 
designer. " — Scotsman. 
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Delamotte^  s  Works  on  Illumination  &  Alphabets. 

A  PRIMER  OF  THE  ART  OF  ILLUMINATION ;  for  the 
use  of  Beginners :  with  a  Rudimentary  Treatise  on  the  Art,  Prac- 
tical Directions  for  its  Exercise,  and  numerous  Examples  taken 
from  Illuminated  MSS.,  printed  in  Gold  and  Colours.  By  F.  Dela- 
MOTTE.     Small  4to,  price  9J.    Elegantly  bound,  cloth  antique. 

**  A  handy  book,  beautifully  illustrated  ;  the  text  of  which  is  well  written,  and  cal- 
culated to  be  useful  .  .  .  Theexamplesof  ancient  MSS.  recommended  to  the  student, 
which,  with  much  good  sense,  the  author  chooses  from  collections  accessible  to  all,  are 
selected  widi  judgment  and  knowledge,  as  well  as  taste." — Athetueunt, 

ORNAMENTAL  ALPHABETS,  ANCIENT  and  MEDIAEVAL ; 
from  the  Eighth  Century,  with  Numerals  ;  including  Gothic, 
Church-Text,  large  and  small,  German,  Italian,  Arabesque,  Initials 
for  Illumination,  Monograms,  Crosses,  &c.  &c.,  for  the  use  of 
Architectural  and  Engineering  Draughtsmen,  Missal  Painters, 
Masons,  Decorative  Painters,  Lithographers,  Engravers,  Carvers, 
&c.  &c.  &c.  Collected  and  engraved  by  F.  Delamotte,  and 
printed  in  Colours.     Royal  8vo,  oblong,  price  41.  cloth. 

'*A  well-known  engraver  and  draughtsman  has  enrolled  in  this  useful  book  the 
result  of  many  years'  study  and  research.  For  those  who  insert  enamelled  sentences 
round  gilded  chalices,  who  blazon  shop  legends  over  shop-doors,  who  letter  church 
walls  with  pithy  sentences  from  the  Decalogue,  this  book  will  be  usefuL"— v4/A^»<7MM. 

EXAMPLES  OF  MODERN  ALPHABETS,  PLAIN  and  ORNA- 
MENTAL ;  including  German,  Old  English,  Saxon,  Italic,  Per- 
spective, Greek,  Hebrew,  Court  Hand,  Engrossing,  Tuscan, 
Riband,  Gothic,  Rustic,  and  Arabesque ;  with  several  Original 
Designs,  and  an  Analysis  of  the  Roman  and  Old  English  Alpha- 
bets, large  and  small,  and  Numerals,  for  the  use  of  Draughtsmen, 
Surveyors,  Masons,  Decorative  Painters,  Lithographers,  Engravers, 
Carvers,  &c  Collected  and  engraved  by  F.  Delamotte,  and 
printed  in  Colours.     Royal  8vo,  oblong,  price  4^.  cloth. 

**  To  artists  of  all  classes,  but  more  especially  to  architects  and  engravers,  this  very 
handsome  book  will  be  invaluable.  There  is  comprised  in  it  every  possible  shape  into 
which  the  letters  of  the  alphabet  and  numerals  can  be  formed,  and  the  talent  which 
has  been  expended  m  the  conception  of  the  va»ous  plain  and  ornamental  letters  is 
wonderful.  ** -Standard. 

MEDIEVAL  ALPHABETS  AND  INITIALS  FOR  ILLUMI- 
NATORS.  By  F.  Delamotte,  Illuminator,  Designer,  and 
Engraver  on  Wood.  Containing  21  Plates,  and  Illuminated  Title, 
printed  in  Gold  and  Colours.  With  an  Introduction  by  J.  WiLLIS 
Brooks.     Small  4to,  6j.  doth  gilt. 

"  A  volume  in  which  the  letters  of  the  alphabet  come  forth  glorified  in  gilding  and 
all  the  colours  of  the  prism  interwoven  and  intertwined  and  intermingled,  sometimes 
with  a  sort  of  rainbow  arabesque.  A  poem  emblazoned  in  these  characters  would  be 
only  comparable  to  one  of  those  delicious  love  letters  symbolized  in  a  bunch  of  flowers 
well  selected  and  cleverly  arranged." — Sun, 

THE  EMBROIDERER'S  BOOK  OF  DESIGN  ;  containing  Initials, 
Emblems,  Cyphers,  Monograms,  Ornamental  Borders,  Ecclesias- 
tical Devices,  Mediaeval  and  Modem  Alphabets,  and  National 
Emblems.  Collected  and  engraved  by  F.  Delamotte,  and 
printed  in  Colours.    Oblong  royal  8vo,  2J.  dd.  in  ornamental  boards. 
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AGRICULTURE,   &c. 

» 

Youatt  and  Burris  Complete  Grazier. 

THE  COMPLETE  GRAZIER,  and  FARMER'S  and  CATTLE- 
BREEDER'S  ASSISTANT.  A  Compendium  of  Husbandry. 
By  William  Youatt,  Esq.,  V.S.  nth  Edition,  enlarged  by 
Robert  Scott  Burn,  Author  of  "The  Lessons  of  My  Farm,"  &c. 
One  large  8vo  volume,  784  pp.  with  215  Illustrations,   i/.  \s.  half-bd, 

*•  The  standard  and  text-book,  wiA  the  farmer  and  grazier." — Farmer' x  Magazine. 

"A  treatise  which  will  remain  a  standard  work  on  the  subject  as  long  as  British 
agriculture  endures." — Mark  Latie  Express. 

Spooner  on  Sheep. 

SHEEP;  THE  HISTORY,  STRUCTURE,  ECONOMY, 
AND  DISEASES  OF.  By  W.  C.  Spooner,  M.R.V.C,  &c 
Third  Edition,  considerably  enlarged  ;  with  numerous  fine  engra- 
vings, including  some  specimens  of  New  and  Improved  Breeds. 
•Fcp.  8vo,  366  pp.,  price  6j.  cloth. 

**  The  book  is  decidedly  the  best  of  the  kind  in- our  language, " — Scotsman, 
*'  Mr.  Spooner  has  conferred  upon  the  agricultural  class  a  lasting  benefit  by  em- 
bodying  in  this  work  the   improvements  made   in   sheep   stock    by  such  men  as 
Humphreys,  Rawlence,  Howard,  and  others." — Hampshire  Advertiser. 

"  The  work  should  be  in  possession  of  every  nock-master. " — Banbury  Guardian, 

Scott  Burris  System  of  Modern  Farming. 

OUTLINES  OF  MODERN  FARMING.  By  R.  Scott  Burn. 
Soils,  Manures,  and  Crops — Farming  and  Farming  Economy, 
Historical  and  Practical— Cattle,  Sheep,  and  Horses — Management 
of  the  Dairy,  Pigs,  and  Poultry,  with  Notes  on  the  Diseases  of 
Stock — Utilisation  of  Town-Sewage,  Irrigation,  and  Reclamation 
of  Waste  Land.  New  Edition.  In  1  vol.  1250  pp.,  half-bound, 
profusely  illustrated,  price  I2J. 
"  There  is  sufficient  stated  within  the  limits  of  this  treatise  to  prevent  a  fanner 
from  going  far  wrong  in  any  of  his  operations." — Observer. 

Norton^ s  Underwood  and  Woodland  Tables. 

TABLES  FOR  PLANTING  AND  VALUING  UNDER- 
WOOD AND  WOODLAND  ;  also  Lineal,  Superficial,  Cubical, 
Wages,  Marketing,  and  Decimal  Tables.  Together  with  Tables 
for  Converting  Land-measure  from  one  denomination  to  another, 
and  instructions  for  Measuring  Round  Timber.  By  RiCHARD 
Horton.     1 2mo.  2j,  strongly  bound  in  leather. 

Good  Gardening, 

A  PLAIN  GUIDE  TO  GOOD  GARDENING ;  or.  How  to 
Grow  Vegetables,  Fruits,  and  Flowers.  With  Practical  Notes  on 
Soils,  Manures,  Seeds,  Planting,  Laying-out  of  Gardens  and 
Grounds,  and  on  the  various  kinds  of  Garden  Stractures.  By 
Samuel  Wood  (late  gardener  to  Sir  B.  P.  Wrey,  Bart.),  Author 
of  'Gardening  for  the  Cottage.*  Second  Edition,  with  very  con- 
siderable Additions,  &c. ,  and  numerous  Illustrations.  Crown  8vo, 
pp.  416,  cloth  elegant,  price  ^s. 
**  A  very  good  book,  and  one  to  be  highly  recommended  as  a  practical  guide. 

Th«  practical  directions  are  excellent." — Athenteum. 

"  A  thoroughly  useful  guidebook  for  the  amateur  gardener  who  may  want  to  make 

his  plot  of  land  not  merely  pretty,  but  useful  and  profitable."— 2?«ijf  Telegraph, 
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Ewart's  Land  Improvers  Pocket-Book. 

THE  LAND  IMPROVER'S  POCKET-BOOK  OF  FOR- 
MUL^,  TABLES,  and  MEMORANDA,  required  in  any  Com- 
putation relating  to  the  Permanent  Improvement  of  Landed  Pro- 
perty. By  John  Evvart,  Land  Surveyor  and  Agricultural  Engineer. 
Royal  32mo,  oblong,  leather,  gilt  edges,  with  elastic  band,  4f. 

"  A  compendium  long  required  by  land  surveyors,  agricultural  engineers,  &c.'*— 
Sussex  Daily  Nnvs. 

**  It  is  admirably  calculated  to  serve  the  purpose  for  which  it  was  intended."— 
Scotsman. 

*' A  compendious  and  handy  little  volume.'* — Spectator. 

Hudson  s  Tables  for  Land  Valuers. 

THE  LAND  VALUER'S  BEST  ASSISTANT:  being  Tables, 
on  a  very  much  improved  Plan,  for  Calculating  the  Value  of 
Estates.  To  which  are  added,  Tables  for  reducing  Scotch,  Irish, 
and  Provincial  Customary  Acres  to  Statute  Measure ;  also,  Tables 
of  Square  Measure,  and  of  the  various  Dimensions  of  an  Acre  in 
Perches  and  Yards,  by  which  the  Contents  of  any  Plot  of  Ground 
may  be  ascertained  without  the  expense  of  a  regular  Survey  ;  &c. 
By  R.  Hudson,  C.  E.  New  Edition,  royal  32mo,  oblong,  leather, 
gilt  edges,  with  elastic  band,  4^. 

"  Of  incaiculaUe  value  to  the  country  gentleman  and  professional  man."—* /^tfrweer'f 
youmal. 

Complete  AgHcultural  Surveyor's  Pocket^Book. 

THE  LAND  VALUER'S  AND  LAND  IMPROVER'S  COM- 
PLETE POCKET-BOOK ;  consistmjg  of  the  above  two  works 
bound  together,  leather,  gilt  edges,  with  strap,  7^".  (id, 

il^  The  c^ove forms  an  unequalled  and  most  compendious  Pocket, 
Vade-mecum  for  the  Land  Agent  and  Agricultural  Engineer, 

**  We  consider  Hudson's  book  to  be  the  best  ready-redconer  on  inatters  relating  to 
the  valuation  of  land  and  crops  we  have  ever  seen,  and  its  combination  with  Mr. 
Ewart's  work  greatly  enhances  the  value  and  usefulness  of  the  latter-mentioned  .  . 
It  is  most  useful  as  a  manuad  for  reference  to  those  for  whom  it  is  intended."— 7 
North  of  England  Farmer. 

House  Property. 

HANDBOOK  OF  HOUSE  PROPERTY  :  a  Popular  and  Prac- 
tical  Guide  to  the  Purchase,  Mortgage,  Tenancy,  and  Compulsory 
Sale  of  Houses  and  Land  ;  including  the  Law  of  Dilapidations  and 
Fixtures ;  with  Explanations  and  Examples  of  all  kinds  of  Valua- 
tions, and  useful  Information  and  Advice  on  Building.  By  Edward 
Lance  Tarbuck,  Architect  and  Surveyor.  i2mo,  5j.  cloth  boards. 

"We  are  glad  to  be  able  to  recommend  it." — Builder. 
"  The  advice  is  th6roughly  practical" — Law  Journal. 

Scott  Burn's  Introduction  to  Farming. 

THE  LESSONS  of  MY  FARM  :  a  Book  for  Amateur  Agridul- 
turists,  being  an  Introduction  to  Farm  Practice,  in  the  Culture  of 
Crops,  the  Feeding  of  Cattle,  Management  of  the  Dairy,  Poultry, 
and  Pigs,  and  in  the  Keeping  of  Farm-work  Records.  By  Robert 
Scott  Burn.     With  numerous  Illustrations.     Fcp.  dr.  cloth. 

'*  A  most  complete  introduction  to  the  whole  round  of  Carmine  practice."— 7?^ 
BuU, 
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"y^    Complete  Epitome  of   the  Laws   of   this 
Country y 

EVERY  MAN'S  OWN  LAWYER  ;  a  Handy-Book  of  the  Prin- 
ciples of  Law  and  Equity.  By  A  Barrister.  14th  Edition, 
Revised  to  the  end  of  last  Session.  Including  a  Summary  of  the 
Judicature  Acts,  and  the  principal  Acts  of  the  past  Session,  viz. 
— The  Act  for  Amending  the  Law  Relating  to  Crossed  Cheques, 
The  Merchant  Shipping  Act,  The  Vivisection  or  Cruelty  to 
Animals  Amendment  Act,  The  Rivers'  Pollution  Prevention  Act. 
The  Wild-Fowl  Preservation  Act,  &c.,  &c  With  Notes  and 
References  to  the  Authorities.  Crown  8vo,  price  6j.  %d,  (saved  at 
every  consultation),  strongly  bound. 

COMPRISING  THE  LAWS   OF 

Bankruptcy — Bills  of  Exchange — Contracts  and  Agreements — Copyright 
—Dower  and  Divorce — Elections  and  Registration — Insurance — Libel 
AND  Slander — Mortgages— Settlements— Stock  Exchange  Practice — 
Trade  Marks  and  Patents — Trespass,  Nuisances,  etc. — Transfer  of 
Land,  etc. — ^Warranty — Wills  and  Agreements,  etc    Also  Law  for 

Landlord  and  Tenant — Master  and  Scfvant— Workmen  and  Apprentices — Heirs, 
Devisees,  and  Legatees — Htisband  and  Wife— Executors  and  Trustees — Guardian 
and  Ward — Married  Women  and  Infants — Partners  and  Agents — Lender  and 
Borrower — Debtor  and  Creditor — Purchaser  and  Vendor — Companies  and  Asso- 
ciations— Friendly  Societies — Qergymen,  Churchwardens — Medical  Practitigners, 
&c. — Bankers — Farmers— Contractors — Stock  and  Share  Brokers — Sportsmen 
and  Gamelkeepers — Farriers  and  Horse-Dealers — Auctioneers,  House-Agents— 
Innkeepers,  &c. — Pawnbrokers — Surveyors — Railways  and  Carriers,  &c.  «c. 

**  No  Englishman  ought  to  be  without  this  book.'* — Engineer. 
*'  What  it  professes  to  be — a  complete  epitome  of  the  laws  of  this  country,  thoroughly 
intelligible  to  non-professional  readers." — Be/fs  Life, 

Auctioneer's  Assistant, 

THE     APPRAISER,   AUCTIONEER,   BROKER,   HOUSE 
AND  ESTATE  AGENT,  AND  VALUER'S  POCKET  AS- 
SISTANT, for  the  Valuation  for  Purchase,  Sale,  or  Renewal  of 
Leases,  Annuities,  and  Reversions,  and  of  property  generally; 
with  Prices  for  Inventories,  &c  By  John  Wheeler,  Valuer,  &c. 
Third  Edition,  enlarged,  by  C  Norris.     Royal  32mo,  cloth,  5J. 
"  A  neat  and  concise  book  of  reference,  containing  an  adnurable  and '  clearly- 
arranged  list  of  prices  for  inventories,  and  a  very  practical  guide  to  determine  the 
value  of  furniture,  &c." — Standard. 

Pawnbrokers  Le^al  Guide. 

THE  PAWNBROKER'S,  FACTOR'S,  and  MERCHANT'S 
GUIDE  to  the  LAW  of  LOANS  and  PLEDGES.  By  H.  C. 
FoLKARD,  Esq.,  Barrister-at-Law,  Author  of  the  **  Law  of  Slander 
and  Libel,"  &c.     i2mo,  cloth  boards,  price  ^s, 

The  Laws  of  Mines  and  Mining  Companies. 

A  PRACTICAL  TREATISE  on  the  LAW  RELATING  to 
MINES  and  MINING  COMPANIES.  By  Whitton  Arun- 
DELL,  Attomey-at-Law.     Crown  8vo,  \s,  cloth. 

County  Court  Statutes. 

THE  COUNTY  COURT  STATUTES,  from  1846  to  1875, 
with  the  new  Consolidated  Orders,  Forms,  Fees,  and  Costs, 
Practical  Notes,  and  very  full  Index.  By  G.  Manley  Wether- 
field,  Solicitor.     i2mo,  pp.  690,  cloth  loj.  6d, 
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BTTSIMENTABY   SCIENTEFIG    SERIES. 


ARCHITECTURE,  BUILDING,  ETC. 

Hd. 

16.  ARCHITECTURE— ORDERS— T^z  Orders  and  their  .^Islhelic 

Principles.    By  W,  H.  Lb  JDS.    Illustrated.    11,  6d. 

17.  ARCHITECTURE— STYLES— TYie,  History  and  Description  of 


tbeSiylf.   ..  __. 
I^HUt  Period.    By  T.  Tj 


•,•  OnDitRS  AMD  Stales  of  ARCniT«irr'uiiB,'  in  dne  Vol.,  11.  6rf. 
18.  ARCHITECTURE— DESIGN— The   Principles    of  Design   in 


Wotks  of  (be 

TT,  Architect.  Illuatraled.  u. 
Vol..  half  taund,    enliiUd 


Workine  Drawinrt,  SpeeiEcations,  and  Estimate.. 
M. R.I, B. A.,  be.   llloilratea.     IS.  6d. 

13.  BRICKS  AND  TILES,  Rudimentary  Treatise  on  the  Manufac- 
ture of;  containine  an  Outline  of  tbs  Pnncipln  of  Brickmakiug.  By  Ecw. 
DoBSON.M.R.I.B.A.  Wilb  Additions  by  C.  Tom  UN  SON,  F.R.S.  Illiutrated,  t>. 

25.  MASONRY  AND  STONECUTTING,  Rudimentary  Treatise 
an  ;  in  nbich  tbn  Principles  of  Masonic  Prejection  and  their  application  to 
tbe  Conitiuction  of  Curved  Wing-Walls,  Domes,  Oblique  Bridges,  and 
RomanandGolhic  Vaulting,  ate  conciielyeiplaioed.  By  Edw*kd  Dobson, 
M.B.I.B.A.,  &C.     Illultratca  with  Plalei  and  biagrami.    3i.  6d. 

44.  FOUNDATIONS  AND  CONCRETE  JFOilf^,  a  Rndimentary 
Treatise  en  ;  containing  a  Synopsis  of  the  principal  cases  of  Foundation 
Woiks,  with  the  usnal  Modes  of  Treatment,  and  Practical  Remarks  oa 
Footings,  Planking,  Sand,  Concrete,  Biton,  Kle-driving,  Caissons,  and 
CofleKrami.  By  E.  Dobson,  M.R.I. B.A.,  &c.  Fourtb  Edition,  revised  br 
Ceoicb  Donn.  C.E.    Illustiated.    is.  6d. 
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Architecture,  Building,  etc.,  continued, 
42.  COTTAGE  BUILDING,     By  C.    Bruce   Allen,  Architect 

Eleventh  Edition,  revised  and  enlarged.    Numerous  Illustrations,     is.  6d. 

45.  LIMES,  CEMENTS,  MORTARS,  CONCRETES,  MASTICS, 
PLASTERING,  &c.,  Rudimentary  Treatise  on.  By  G.  R.  Burnell,  C.E. 
Ninth  Edition,  with  Appendices,    is.  6d. 

57.  WARMING  AND  VENTILATION,  a  Rudimentary  Treatise 
on ;  beine  a  concise  Exposition  of  the  Greneral  Principles  of  the  Art  of  Warm- 
ing and  ventilating  Domestic  and  Public  Buildines,  Mines,  Lighthouses, 
Ships,  &c.    By  Charles  Tokunson,  F.B.S.,  8cc.    Illustrated.    3s. 

83»».  CONSTRUCTION  OF  DOOR  LOCKS,  Compiled  from  the 
Papers  of  A.  C.  Hobbs^  Esq.,  of  New  York,  and  Edited  by  Charles  Tom- 
UNSON,  F.R.S.  To  which  is  added,  a  Description  of  Fenby's  Patent  Locks, 
and  a  Note  upon  Iron  Safes  by  Robert  Mallet,  M.I.C.E.    Illus.    2s.  6d. 

HI.  ARCHES,  PIERS,  BUTTRESSES,  dfc:  Experimental  Essays 
on  the  Principles  of  Construction  in ;  made  with  a  view  to  their  being  useful 
to  the  Practical  Builder.    By  Willlam  Bland.    Illustrated,    is.  6d. 

116.  TffE  ACOUSTICS  OF  PUBLIC  BUILDINGS;  or,  The 
Principles  of  the  Science  of  Sound  applied  to  the  purposes  of  the^Architect  and 
Builder.    By  T.  Roger  Smith,  M.K.I.B.A.,  Architect.   Illustrated,    is.  6d. 

124,  CONSTRUCTION  OF  ROOFS,  Treatise  on  the,  as  regards 
Carpentry  and  Joinery.  Deduced  from  the  Works  of  Robison,  Price,  and 
Tredgold.    Illustrated,    is.  6d. 

127.  ARCHITECTURAL  MODELLING  IN  PAPER,  the  Art  of. 

By  T.  A.  Richardson,  Architect.  With  Illustrations,  designed  by  the 
Author,  and  engraved  by  O.  Jewitt.    is.  6d. 

128.  VITRUVIUS—THE     ARCHITECTURE     OF     MARCUS 

VITRUVWS  POLLO,  In  Ten  Books.  Translated  from  the  Latin  by 
Joseph  Gwilt,  F.S.A.,  F.R.A.S.    With  23  Plates.    5s. 

130.  GRECIAN  ARCHITECTURE,  An  Inquiry  mto  the  Principles 
of  Beauty  in ;  with  a  Historical  View  of  the  Rise  and  Progress  of  the  Art  in 
Greece.     By  the  Earl  of  Aberdeen,    is. 

%•  The  ivoo  Preceding  Works  in  One  handsome  Vol,,  half  bound,  entitled  "Axcvest 

AlRCHitecturb."    Price  6s, 

132,  DWELLING-HOUSES,  a  Rudimentary  Treatise  on  the  Erection 
of.    By  S.  H.  Brooks,  Architect.    New  Edition,  with  Plates.    2s.  6d. 

J56.  QUANTITIES  AND  MEASUREMENTS,  How  to  Calculate  and 
Take  them  in  Bricklayers',  Masons',  Plasterers^  Plumbers*,  Painters',  Paper- 
hangers*,  Gilders*,  Smiths*,  ^Carpenters',  and  Joiners*  Work.  By  A.  C. 
Beaton,  Architect  and  Surveyor.  New  and  Enlarged  Edition.   Illus.    is.  6d. ' 

175.  LOCKWOOD  dr-  CO:S  BUILDER' SAND  CONTRACTOR'S 
PRICE  BOOK,  with  which  is  incorporated  Atchley's  and  portions  of  the 
late  G.  R.  Burnell's  "Builder's  Price  Books,"  for  1876,  containing 
the  latest  Prices  of  all  kinds  of  Builders'  Materials  and  Labour,  and  of  all 
Trades  connected  with  Building :  with  many  use^l  and  important  Memo* 
randa  and  Tables;  Lists  of  the  Members  of  the  Metropolitan  Board  of 
Works,  of  Districts,  District  Officers,  and  District  Surveyors,  and  the 
Metropolitan  Bye-laws.  The  whole  Revised  and  Edited  by  Francis  T. 
W.   Miller,  Architect  and  Surveyor.    3s.  6d. 

182.  CARPENTRY  AND  JOINERY— Tnv.  Elementary  Prin- 
ciples OP  Carpentry.  Chiefly  com^sed  from  the  Standard  Work  of 
Thomas  Tredgold,  C.E.  With  Additions  from  the  Works  of  the  most 
Recent  Authorities,  and  a  TREATISE  ON  JOINERY  by  £.  Wyndham 
Tarn,  M.A.    Numerous  Illustrations.    3s.  6d. 

i82».  CARPENTRY  AND  JOINERY,  ATLAS  of  35  Plates  to 
accompany  the  foregoing  book.    With  Descriptive  Letterpress.    4to.    6s. 

187.  HINTS  TO   YOUNG  ARCHITECTS,    By  George  Wight- 

WICK.  Author  of  "  The  Palace  of  Architecture,**  8ic.  8ic.  New,  Revised, 
and  enlarged  Edition.  By  G.  Huskisson  Guillauue,  Architect.  With 
numerous  Woodcuts.    3s.  ^.  {.J^^t  published, 
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Architecture,  Building,  etc.,  continued, 

188.  HOUSE  PAINTING,  GRAINING,  MARBLING,  AND  SIGN 

WRITING:  A  Practical  Manual  of,  containing-  full  information  on  the 
Processes  of  House  Painting  in  Oil  and  Distemper,  the  Formation  of 
Letters  and  Practice  of  Sign  writine,  the  Principles  of  Decorative  Art,  a 
Course  of  Elementary  Drawing  for  House  Painters,  Writers,  Sec,  and  a 
Collection  of  Useful  Receipts.  With  9  Coloured  Plates  of  Woods  and 
Marbles,  and  nearly  150  Wood  Engravinjg^.  By  Ellis  A.  Davidson, 
Author  of  " Building  Construction,"  "Drawing for  Carpenters,"  «cc.    5s. 

[Jmt  published. 

189.  TBE   RUDIMENTS    OF    PRACTICAL    BRICKLAYING, 

In  Six  Sections :  General  Principles  of  Brickla^ng ;  Arch  Dra^ng,  Cutting, 
and  Setting;  different  kinds  of  Pointing;  Paving,  Tiling,  Materials ;  Slating 
and  Plastering ;  Practical  Geometry,  Mensuration,  &c.  By  Adam  Hammond. 
Illustrated  with  68  Woodcuts,    is.  6d.  Xjusf  Published. 

191.  PLUMBING,    A  Text-Book  to  the  Practice  of  the  Art  or  Craft  of 

the  Plumber.  With  Supplementary  Chapters  upon  House  Drainage,  em- 
bodying the  latest  Improvements.  Containing  about  300  Illustrations.  By 
William  Paton  Buchan,  Practical  and  Consulting  Sanitarv  Plumber; 
!Mem.  of  Coun.  San.  and  Soc.  Econ.  Sec.  of  the  Philosophical  Society  of 
Glasgow,  38.  \^usi published, 

192.  THE   TIMBER   IMPORTER'S,  TIMBER  MERCHANTS, 

and  BUILDER'S  STANDARD  GUIDE ;  comprising  copious  and  valu- 
able Memoranda  for  the  Retailer  and  Builder,  ay  Richard  E.  Grandv. 
Second  Edition,  Revised.    3s. 

CIVIL   ENGINEERING,   ETC. 

13.  CIVIL  ENGINEERING,  the  Rudiments  of;  for  the  Use  of 
Beginners,  for  Practical  Engineers,  and  for  the  Army  and  Navy.  By  Henry 
Law,  C.E.  Including  a  Section  on  Hydraulic  Engineering^,  by  George  R. 
Burnbll,  C.E.  5th  Edition,  with  Notes  and  Illustrations  by  Robert 
Mallet,  A.M.,  F.R.S.    Illustrated  with  Plates  and  Diagrams.    5s. 

29.  THE  DRAINAGE  OF  DISTRICTS  AND  LANDS,    By  G. 

Drysdalb  Dempsey,  C.E.  New  Edition,  revised  and  enlarged.  Illustrated. 
IS.  6d. 

30.  THE  DRAINAGE  OF  TOWNS  AND  BUILDINGS,     By 

G.  Drysdalb  Dempsey.  C.E.    New  Edition.    Illustrated.    2s.  6d. 
•*•  With  "  Drainage  of  Districts  and  Lands"  in  One  Vol,,  \s,  6d, 

31.  WELL-DIGGING,    BORING,    AND    PUMP-WORK,      By 

John  George  Swindell,  Assoc.  R.I.B.A.  New  Edition,  revised  by  G.  R. 
BuRNELL,  C.E.    Illustrated.    is.6d. 

35.  THE  BLASTING  AND  QUARRYING  OF  STONE,  for 
Building  and  other  Purposes.  ^With  Remarks  on  the  Blowing  up  of  Bridges. 
By  Gen.  Sir  John  Burgoyne,  Bart.,  K.C.B.    Illustrated,    zs.  od. 

43.  TUBULAR  AND  OTHER  IRON  GIRDER  BRIDGES, 
Particularly  describing  the  Britannia  and  Conway  Tubular  Bridges. 
With  a  Sketch  of  Iron  Bridges^  and  Illustrations  of  the  Application  of 
Malleable  Iron  to  the  Art  of  Bridge  Building.  By  G.  D.  Dempsey,  C.E., 
New  Edition,  with  Illustrations,    zs.  6d. 

62.  RAILWAY  CONSTRUCTION,  Elementary  and  Practical  In- 
struction on  the  Science  of.  By  Sir  Macdonald  Stephenson,  C.E. 
New  Edition,  revised  and  enlarged  by  Edward  Nugent,  C.E.  Plates  and 
numerous  Woodcuts.  3s. 
So*.  EMBANKING  LANDS  FROM  THE  SEA,  the  Practice  oi. 
Treated  as  a  Means  of  Profitable  Employment  for  Capital.  With  Examples 
and  Particulars  of  actual  Embankments^  and  also  Practical  Remarks  on  the 
Repair  of  old  Sea  Walls.  ByJoHN  Wiggins,  F.G.S.  New  Edition,  with 
Notes  by  Robert  Mallet,  F.K.S.    2%, 

81.  WATER  WORKS,  for  the  Supply  of  Cities  and  Towns.  With 
a  Description  of  the  Principal  Geological  Formations  of  England  as  in> 
fluencing  Supplies  of  Water ;  and  Details  of  Engines  and  Pumping  Machinery 
for  raising  Water.  By  Samuel  Hughes,  F.G.S.,  C.E.  New  Edition, 
revised  and  enlarged,  with  numerous  Illustrations.  4s. 
82**.  GAS  WORKS,  and  the  Practice  of  Manufacturing  and  Distributing 
Coal  Gas.  By  Samuel  Hughes^  C.E.  New  Edition,  revised  by  W. 
Richards,  C.E.    Illustrated.    3s.  od. 
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Civil  Engineering,  etc.,  continued, 

117.  SUBTERRANEOUS  SURVEYING;  an  Elementary  and  Prac- 

tical Treatise  on.  By  Thomas  Fbnwick.  Also  the  Method  of  Conducting^ 
Subterraneous  Surveys  without  the  Use  of  the  Magnetic  Needle,  and  other 
modem  Improvements.    By  Thomas  Baker,  C.E.    Illustrated.    2s.  6d. 

118.  CIVIL  ENGINEERING  IN  NORTH  AMERICA,  2l  Sketch 

of.    By  David  Stevenson,  F.R.S.E.,  &c.    Plates  and  Diagrams.    3s. 

121.  RIVERS  AND  TORRENTS.  With  the  Method  of  Regulating 
their  Courses  and  Channels.  By  Professor  Paul  Frisi,  F.R.S.,  of  Milan. 
To  which  is  added,  AN  ESSAY  ON  NAVIGABLE  CANALS.  Translated 
by  Maj(»--General  John  Garstin,  of  the  Bengal  Engineers.   Plates.    2s.  6d. 


MECHANICAL  ENGINEERING,   ETC. 

33.  CRANES,  the  Construction  of,  and  other  Machinery  for  Raising 

Heavy  Bodies  for  the  Erection  of  Building^,  and  for  Hoisting  Goods.     By 
Joseph  Glynn,  F.R.S.,  &c.    Illustrated,    is.  6d. 

34.  THE  STEAM  ENGINE,  a  Rudimentaiy  Treatise  on.    By  Dr. 

Lardnbr.    Illustrated,    is.  6d. 

59.  STEAM  BOILERS:  their  Construction  and  Management.     By 
R.  Armstrong,  C.E.    Illustrated,    zs.  6d. 

63.  AGRICULTURAL  ENGINEERING :  Farm  Buildings,  Motive 
Power,  Field  Machines,  Machinery,  and  Implements.  By  G.  H.  Andrews, 
C.E.    Illustrated.    3s. 

67.  CLOCKS,  WATCHES,  AND  BELLS,  a  Rudimentary  Treatise 
on.  By  Sir  Edmund  Beckett  (late  Edmund  Beckett  Denison,  LL.D.,  Q.C.) 
A  new.  Revised,  and  ccmsiderably  Enlarged  Edition  (the  6th),  with  very 
numerous  Illustrations.    4s.  6d.  [^ttst  published. 

77*.  THE  ECONOMY  OF  FUEL,  particularly  with  Reference  to 
Reverbatory  Furnaces  for  the  Manufacture  of  Iron,  and  to  Steam  Boilers. 
By  T.  Symes  Prideaux.    xs.  6d. 

82.  THE  POWER  OF  WATER,  as  applied  to  drive  Flour  Mills, 
and  to  give  motion  to  Turbines  and  other  Hydrostatic  Engines.  By  Joseph 
Glynn,  F.R.S.,  &c.    New  Edition,  Illustrated.    2s. 

98.  PRACTICAL  MECHANISM,  the  Elements  of;  and  Machine 
Tools.  By  T.  Baker,  C.E.  With  Remarks  on  Tools  and  Machinery,  by 
J.  Nasmyth,  C.E.    Plates.    2s.  6d. 

114.  MACHINERY,  Elementary  Principles  of,  in  its  Construction  and 
Working.  Illustrated  by  numerous  Examples  of  Modem  Machinery  for 
different  Branches  of  Manufacture.    By  C.  D.  Abel,  C.E.    zs.  6d. 

15.  ATLAS    OF  PLATES.     Illustrating  the  above  Treatise.     By 
C.  D.  Abel  C.E.    7s.  6d. 
125.  THE  COMBUSTION  OF  COAL  AND  THE  PREVENTION 
OF  SMOKE,  Chemically  and  Practically  Considered.    With  an  Appendix. 
By  C.  Wye  Willlams,  A.I.C.E.    Plates.    3s. 

139.  THE  STEAM  ENGINE,  a  Treatise  on  the  Mathematical  Theory 
of,  with  Rules  at  length,  and  Examples  for  the  Use  of  Practical  Men.  By 
T.  Baker,  C.E.    Illustrated,    zs.  6d. 

162.  THE  BRASS  FOUNDER'S  MANUAL;  Instructions  for 
Modelling,  Pattern-Making,  Moulding,  Tumine,  Filing,  Burnishing, 
Bronzing,  &c.  With  copious  Keceip^  numerous  Tables,  and  Notes  on  Prime 
Costs  and  Estimates.    By  Walter  Graham.    Illustrated.    2s.  6d. 

J 64.  MODERN  WORKSHOP  PRACTICE,  as  applied  to  Marine, 
Land,  and  Locomotive  Engines,  Floating  Docks,  Dredgfing  Machines, 
Bridges,  Cranes,  Ship-building,  &c.,  &c.    By  J.  G.  Winton.  Illustrated. .  3s. 

165.  IRON  AND  HEAT,  exhibiting  the  Principles  concerned  in  the 
Construction  of  Iron  Beams,  Pillars,  and  Bridge  Girders,  and  the  Action  of 
Heat  in  the  Smelting  Furnace.    By  J.  Armour,  C.E.      2s.  6d. 
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Mechanical  Engineering,  etc.,  continued, 

i66.  POWER  IN  MOTION:  Horse-Power,  Motion,  Toothed-Wheel 
Gearing,  Long  and  Short  Driving  Bands,  Angular  Forces.  By  Jambs 
Armour,  C.£.    With  73  Diagrams.    2s.  6d. 

.  167.  THE  APPLICATION  OF  IRON  TO  THE  CONSTRUCTION 
OF  BRIDGES,  GIRDERS,  ROOFS,  AND  OTHER  WORKS.  Showing 
the  Principles  upon  which  such  Structures  are  designed^  and  their  Practical 
Application.  By  Francis  C ampin,  C.E.  Second  Edition,  revised  and 
corrected.    Numerous  Woodcuts.    2s.  6d. 

171.  THE     WORKMAN S    MANUAL     OF    ENGINEERING 

DRAWING.  By  John  Maxton,  Engineer.  Instructor  in  Engineering 
Drawing,  Royal  Naval  College,  Greenwich,  lormerly  of  R.S.N.A.,  South 
Kensington.  Third  Edition.  Hlustrated  with  7  Plates  and  nearly  350  Wood- 
cuts %s  6d 
190.  STEAM  AND  THE  STEAM  ENGINE,  Stationary  and 
Portable.  An  elementary  treatise  on.  Being  an  extension  of  Mr.  John 
Sewell's  "  Treatise  on  Steam."  By  D.  Kinnear  Clark,  C.E.,  M.I.C.E. 
Author  of  "  Railway  Machinery,"  "  Railway  Locomotives/'  8cc.,  «cc.  With 
numerous  Illustrations.    3s.  6d.  [Jusi  published. 


SHIPBUILDING,   NAVIGATION,   MARINE 

ENGINEERING,   ETC. 

51.  NAVAL  ARCHITECTURE,  the  Rudiments  of;  or,  an  Exposi- 
tion  of  the  Elementary  Principles  of  the  Science,  and  their  Practical  Appli- 
cation to  Naval  Construction.  Compiled  for  the  Use  of  Beginners.  By 
Jambs  Pbakb,  School  of  Naval  Architecture,  H.M.  Dock3rard,  Portsmouth, 
fourth  Edition,  corrected,  with  Plates  and  Diagrams.    3s.  6d. 

53*.  SHIPS  FOR  OCEAN  AND  RIVER  SERVICE,  Elementary 
and  Practical  Principles  of  the  Construction  of.  By  Hakon  A.  Sommbr- 
FELDT,  Surveyor  of  the  Royal  Norwegian  Navy.    With  an  Appendix,    xs. 

53*  ♦.  AN  ATLAS  OFENGRA  VINGS  to  Illustrate  the  above.  Twelve 

large  folding  plates.    Royal  4to,  cloth.    7s.  6d. 

54.  MASTING,  MASTMAKING,  AND  RIGGING  OF  SHIPS, 

Rudimentary  Treatise  on.  Also  Tables  of  Spars,  Rigging,  Blocks ;  Chain, 
Wire,  and  Hemp  Ropes,  &c.,  relative  to  every  class  of  vessels.  Together 
with  an  Appendix  of  [Dimensions  of  Masts  and  Yards  of  the  Royal  Navy  of 
Great  Britain  and  Ireland.  By  Robert  Kipping,  N.A.  Thirteenth  Edition. 
Illustrated,    xs.  6d. 

54*.  IRON  SHIP-BUILDING,  With  Practical  Examples  and  Details 
for  the  Use  of  Ship  Owners  and  Ship  Builders.  By  John  Grantham,  Con- 
sulting Engineer  and  Naval  Architect.  Fifth  Edition,  with  important  Addi- 
tions.   4s. 

54»».  AN  ATLAS  OF  FORTY  PLATES  to  Illustrate  the  above. 

Fifth  Edition.  Including  the  latest  Examples,  such  as  H.M.  Steam  Frigates 
"  Warrior,"  "  Hercules,^'  "  Bellerophon  ; "  H.M.  Troop  Ship  "  Serapis," 
IrcA  Floating  Dock,  &c.,  &c.    4to,  boards.    38s. 

55.  THE  SAILOR'S  SEA  BOOK:  a    Rudimentary  Treatise   on 

Navigation.  I.  How  to  Keep  the  Log  and  Work  it  off.  II.  On  Finding  the 
Latitude  and  Longitude.  By  James  Grbbnwood,  B.A.,  of  Tesus  College, 
Cambridge.  To  which  are  added.  Directions  for  Great  Circle  Sailing ;  an 
Essay  on  the  Law  of  Storms  and  Variable  Winds ;  and  Explanations  of 
Terms  used  in  Ship-building.  Ninth  Edition,  with  several  Engravings  and 
Coloured  Illustrations  of  the  Flags  of  Maritime  Nations.    2S. 

80.  MARINE  ENGINES,  AND  STEAM  VESSELS,  a  Treatise 
on.  Together  with  Practical  Remarks  on  the  Screw  and  Propelling  Power, 
as  used  in  the  Royal  and  Merchant  Navy.  By  Robbrt  Murray,  C.E.. 
Engineer-Surveyor  to  the  Board  of  Trade.  With  a  Glossary  of  Technical 
Terms,  and  their  Equivalents  in  French,  German,  and  Spanish.  Fifth  Edition, 
revised  and  enlarged.    Illustrated.    3s. 
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Shipbuilding,  Navigation,  etc.,  continued, 

S^bts.  THE  FORMS  OF  SHIPS  AND  BOATS:  Hints,  Experiment- 
ally  Derived,  on  some  of  the  Principles  regulating  Ship-building.  By  W. 
Bland.  Sixth  Edition,  revised,  with  numerous  Illustrations  and  Models,  is.  6d. 

99.  NAVIGATION  AND  NAUTICAL  ASTRONOMY,  in  Theory 
and  Practice.  With  Attempts  to  facilitate  the  Finding  of  the  Time  and  the 
Longitude  at  Sea.  By  J.  K.  Young,  formerly  Professor  of  Mathematics  in 
Belrast  College.    Illustrated,    as.  6d. 

100*.  TABLES  intended  to  facilitate  the  Operations  of  Navigation  and 
Nautical  Astronomy,  as  an  Accompaniment  to  the  above  Book.  By  J.  R. 
Young,    is.  6d. 

106.  SHIPS*  ANCHORS,  a  Treatise  on.     By  George  Cotsell, 

NJ\..    Illustrated,    is.  6d. 

149.  SAILS  AND  SAIL'MAKING,  an  Elementary  Treatise  on. 
With  Draughting,  and  the  Centre  of  Effort  of  the  Sails.  Also,  Weights- 
and  Sizes  of  Rop^  ;  Masting,  Rigging,  and  Sails  of  Steam  Vessels,  &c.,  &c. 
Tenth  Edition,  enlarged,  with  an  Appendix.  By  Robert  Kipping,  N.A., 
Sailmaker,  Quayside,  Newcastle.    Illustrated.    2s.  6d. 

155.  THE  ENGINEER'S  GUIDE  TO  THE  ROYAL  AND' 
MERCANTILE  NAVIES.  By  a  Practical  Engineer.  Rex-ised  by  D. 
F.  McCarthy,  late  of  the  Ordnance  Survey  Office,  Southampton.    3s, 


PHYSICAL    SCIENCE,    NATURAL    PHILO- 
SOPHY,  ETC. 

1.  CHEMISTRY,  for  the  Use  of  Beginners.    By  Professor  George 

FowNBS,  F.R.S.     With  an  Appendix,  on  the  Application  of  Chemistry  to- 
Ag^culture.    is. 

2.  NATURAL  PHILOSOPHY,  Introduction  to  the  Study  of;  for 

the  Use  of  Beginners.  By  C.  Tomlinson,  Lecturer  on  Natural  Science  in 
Kling's  Colleg^e  School,  London.    Woodcuts,    is.  6d. 

4.  MINERALOGY,  Rudiments  of;  a  concise  View  of  the  Properties 
of  Minerals.    By  A.  Ramsay,  Jun.    Woodcuts  and  Steel  Plates.    3s. 

6.  MECHANICS,  Rudimentary  Treatise  on;  being  a  concise  Ex- 

position of  the  Greneral  Principles  of  Mechanical  Science,  and  their  Applica- 
tions. Bv  Charles  Tomun^n,  Lecturer ,  on  Natural  Science  in  King's- 
College  School,  London.    Illustrated,    zs.  6d. 

7.  ELECTRICITY;  showing  the  General  Principles  of  Electrical 

Science,  and  the  purposes  to  which  it  has  been  applied.  By  Sir  W.  Snow 
Harris,  F.R.S.,  &c.  With  considerable  Additions  by  R.  Sabine,  C.E., 
F.S.A.  Woodcuts.  -  IS.  6d. 
7*.  GALVANISM,  Rudimentary  Treatise  on,  and  the  General  Prin- 
ciples of  Animal  and  Voltaic  Electricit}-.  .  By  Sir  W.  Snow  Harris.  New 
Edition,  revised,  with  considerable  Additions,  by  Robert  Sabine,  C.E.,. 
F.S.A.    Woodcuts.    IS.  6d. 

8.  MAGNETISM ;  being  a  concise  Exposition  of  the  General  Prin- 

ciples of  Ma^etical  Science,  and  the  Purposes  to  which  it  has  been  applied. 
By  Sir  W.  Snow  Harris.  New  Edition,  revised  and  enlarged  b}'  H.  M^ 
NoAd,  Ph.D.,  "Vice-President  of  the  Cnemical  Society,  Author  of  **A 
Manual  of  Electricity,"  &c.,  &c.    With  165  Wooocuts.    3s.  6d. 

11.  THE  ELECTRIC  TELEGRAPH;  its  History  and  Progress; 

with  Descriptions  of  some  of  the  Apparatus.  By  R.  Sabine,  C.E.,  F.S.A.,  &c. 
Woodcuts.    3s. 

12.  PNEUMATICS,   for    the    Use    of   Beginners.     By   Charles 

Tomlinson.    Illustrated,    is.  6d. 

72.  MANUAL  OF  THE  MOLLUSCA  ;  a  Treatise  on  Recent  and 
Fossil  Shells.  By  Dr.  S.  P.  Woodward,  A.L.S.  With  Appendix  by 
Ralph  Tate,  A.L.S.,  F.G.S.  With  numerous  Plates  and  300  Woodcuts, 
6s.  6d.    Cloth  boards,  7s.  6d. 
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Physical  Science,  Natural  Philosophy,  etc.,  continued, 

79**.  PHOTOGRAPHY,  Popular  Treatise  on;  with  a  Description  of 
the  Stereoscope,  &c.  Translated  from  the  French  of  D.  Van  Monckhovbn, 
by  W.  H.  Thornthwaitb,  Ph.D.    Woodcuts,    xs.  6d. 

96.  ASTRONOMY,     By  the  Rev.  R.  Main,  M.A.,  F.R.S.,  &c. 

New  and  enlarged  Edition,  with  an  Appendix  on  **  Spectrum  Analysis." 
Woodcuts.    IS.  6d. 

97.  STATICS  AND  DYNAMICS,  the  Principles  and  Practice  of; 

embracing  also  a  clear  development  of  Hydrostatics,  Hydrodynamics,  and 
Central  Forces.    By  T.  Baker,  C.E.    is.  6d. 

138.  TELEGRAPH,  Handbook  of  the;  a  Manual  of  Telegraphy, 
Telegraph  Clerks'  Remembrancer,  and  Guide  to  Candidates  for  Employ- 
ment in  the  Telegraph  Service.  By  R.  Bond.  Fourth  Edition,  revised  and 
enlarged  :  to  which  Is  appended,  QUESTIONS  on  MAGNETISM,  ELEC- 
TRICITY, and  PRACTTCAL  TELEGRAPHY,  for  the  Use  of  Students, 
by  W.  McGregor,  First  Assistant  Superintendent,  Indian  Got.  Telegraphs. 
Woodcuts.    3s. 

143.  EXPERIMENTAL    ESSAYS,      By    Charles    Tomlinson. 

I.  On  the  Motions  of  Camphor  on  Water.    II.  On  the  Motion  of  Camphor 
towards  the  Light.  III.  History  of  the  Modem  Theory  of  Dew.  Woodcuts,  is. 

173.  PHYSICAL  GEOLOGY,  partly  based  on  Major-General  Port- 

lock's  "  Rudiments  of  Geology."    By  Ralph  Tate,  A.L.S.,  &c.    Numerous 
Woodcuts.    2S. 

174.  HISTORICAL    GEOLOGY,    partly    based    on    Major-General 

Portlock's  "  Rudiments."  By  Ralph  Tate,  A.L.S.,  8cc.  Woodcuts.  2s.  6d. 

173  RUDIMENTARY  TREATISE  ON  GEOLOGY,  Physical  and 

&        Historical.    Partly  based  on  Major-General  Portlock*s  "Rudiments  of 

J  -  .       Geology."    By  Ralph  Tate,  A.L.S.,  F.G.S.,  8cc.,  &c.    Numerous  Illustra- 

''*■•      tions.    In  One  Volume.    4s.  6d. 

183.  ANIMAL  PHYSICS,  Handbook  of.    By  Dionysius  Lardner, 

^        D.C.L.,  formerly  Professor  of  Natural  Philosophy  and  Astronomy  in  Uni- 
versity College,  London.    With  520  Illustrations.     In  One  Volume,  cloth 
I04.      boards.    7s.  6d. 

%*  Sold  also  in  Two  Parts ,  as  follows  : — 

183.  Animal  Physics.    By  Dr.  Lardner.    Part  I.,  Chapter  I— VII.    4«« 

184.  Animal  Physics.    By  Dr.  Lardner.    Part  II.  Chapter  VIII— XVlII.    3s. 


MINING,    METALLURGY,    ETC. 

117.  SUBTERRANEOUS  SURVEYING,  Elementary  and  Practical 
Treatise  on,  with  and  without  the  Magnetic  Needle.  By  Thomas  Fenwick, 
Surveyor  of  Mines,  and  Thomas  Baker,  C.E.    Illustrated,    as.  6d. 

133.  METALLURGY  OF  COPPER  ;  an  Introduction  to  the  Methods 

of  Seeking,  Mining,  and  Assaying  Copper,  and  Manufacturing  its  Alloys. 
By  Robert  H.  Lamborn,  Ph.D.    Woodcuts.    2s.  6d. 

134.  METALLURGY  OF  SILVER  AND  LEAD.     A  Description 

of  the  Ores ;  their  Assay  and  Treatment,  and  valuable  Constituents.    By  Dr. 
R.  H.  Lamborn.    Woodcuts.    2s. 

135.  ELECTRO-METALLURGY;  Practically  Treated.     By  Alex- 

ander Watt,  F.R.S.S.A.    New  Edition.    Woodcuts.    2s. 

172.  MINING  TOOLS,  Manual  of.  For  the  Use  of  Mine  Managers, 
Agents,  Students,  &c.  Comprising  Observations  on  the  Materials  from,  and 
Processes  b^  which  they^  are  manufactured ;  their  Special  Uses,  Applica- 
tions, Qualities,  and  Efficiency.  By  William  Morgans,  Lecturer  on  Mining 
at  the  Bristol  School  of  Mines.    2s.  6d. 

I72».  MINING  TOOLS,  ATLAS  of  Engravings  to  Illustrate  the 
above,  containing  235  Illustrations  of  Mining  Tools,  drawn  to  S<:ale.  4to. 
4s.  6d. 
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Mining,  Metallurgy,  eXc^  contifiued, 

176.  METALLURGY  OF  IRONy  a  Treatise  on  the.  Containing 
Oatlines  of  the  History  of  Iron  Manufacture,  Methods  of  Assay,  and  Analyses 
of  Iron  Ores.  Processes  of  Manufacture  of  Iron  and  Steel,  9tc.  By  H. 
Baubrmak,  F.G.S.,  Associate  of  the  Royal  School  of  Mines.  Fourth 
Edition,  revised  and  enlarged,  with  numerous  Illustrations.    4s.  6d. 

i8o.  COAL  AND  COAL  MINING:  A  Rudimentary  Treatise  on. 
By  Warincton  W.  Smyth,  M.A.,  F.R.S^  8cc.,  Chief  Inspector  of  the 
Mines  of  the  Crown  and  of  the  Duchy  of  Cornwall.  New  Edition,  revised 
and  corrected.    With  numerous  Illustrations.    3s.  6d. 


EMIGRATION. 

154.  GENERAL  HINTS  TO  EMIGRANTS,  Containing  Notices 
of  the  various  Fields  for  Emination.  With  Hints  on  Preparation  for 
Emigrating,  Outfits,  &c.,  8cc.  With  Directions  and  Recipes  useful  to  die 
Emigrant.    With  a  Map  of  the  World.    2s. 

157.  THE  EMIGRANTS  GUIDE  TO  NATAL.  By  Robert 
Jambs  Mann,  F.R.A.S.,  F.M.S.  Second  Edition,  carefully  corrected  to 
the  present  Date.    Map.    2s. 

159.  THE  EMIGRANT'S  GUIDE  TO  AUSTRALIA,  New  South 

Wales f  Western  Australtd,  South  AustraJia^  Victoria^  and  Queensland.   By 
the  Rev.  Jambs  Baird,  B.A.    Map.    2s.  6d. 

i6o.  THE  EMIGRANTS  GUIDE  TO  TASMANIA  and  NEW 
ZEALAND.    By  the  Rev.  James  Baird,  B.A.    With  a  Map.    as. 

IS9&CTHE  EMIGRANTS  GUIDE  TO  AUSTRALASIA.    By  the 

160.  Rev.  J.  Baird^  B.A.  Comprising  the  above  two  volumes,  x2mo,  cloth  boards. 
With  Maps  of  Australia  and  New  Zealand.    5s. 


AGRICULTURE. 

29.  THE  DRAINAGE   OF  DISTRICTS   AND  LANDS.      By 

G.  Drysdalb  Dbmpsey,  C.E.    Illustrated,    xs.  6d. 

%«  With  "  Drainage  of  Toums  and  Buildings^'  in  One  Vol.,  3*.  6d. 
63.  AGRICULTURAL  ENGINEERING:  Farm  Buildings,  Motive 

Powers  and  Machinery  of  the  Steading,  Field  Machines,  and  Implements. 

By  G.  H.  Andrews,  C.E.    Illustrated.    3s. 
66.  CLAY   LANDS    AND    LOAMV    SOILS.       By    Professor 

Donaldson,    is. 
131.  MILLER'S,  MERCHANTS,  AND   FARMER'S  READY 

RECKONER,  for  ascertaining  at  sight  the  value  oi  any  quantity  of  Com, 

from  One  Bushel  to  One  Hundred  Quarters,  at  any  given  price,  m>m  ;^i  to 

£i  per  Guarter.     Together  with  the  approximate  v^ues  of  Millstones  and 

Silllworjc,  &c.    xs. 

140.  SOILS,  MANURES,   AND  CROPS.    (Vol.   i.  Outlines  bF 

MoDBRN  Farming.)    By  R.  Scott  Burn.    Woodcuts.    2s. 

141.  FARMING  AND  FARMING  ECONOMY,  Notes,  Historical 

and  Practical,  on.    (Vol.  2.  Outunes  of  Modern  Farming.)    By  R.  Scott 
Burn.    Woodcuts.    3s. 

142.  STOCK;    CATTLE,    SHEEP,    AND    HORSES.      (Vol.    3. 

Outlines  of  Modern  Farbung.)    By  R.  Scott  Burn.  Woodcuts,    ss.  6d. 

145.  DAIRY,  PIGS,  AND  POULTRY,  Management  of  the.     By 

R.  Scott  Burn.    With  Notes  on  the  Diseases  of  Stock.    (Vol.  4.  Outunbs 
OF  Modern  Farming.)    Woodcuts.    2s. 

146.  UTILIZATION     OF     SEWAGE,     IRRIGATION,      AND 

RECLAMATION  OF  WASTE  LAND.    (Vol.  5.  Outunes  of  Moderk 
Farming.)    By  R.  Scott  Burn.    Woodcuts'.    2s.  6d. 

♦»•  Nos.  X40-X -2-5-6,  in  One  Vol.,  handsomely  half-bound,  entitled  "Outlines  of 
Modern  Farming."    By  Robert  Scott  Burn.    Price  12s. 

177.  FRUIT  TREES,  The  Scientific  and  Profitable  Culture  of.  From 
the  French  of  Du  Breuil,  Revised  by  Geo.  Glbnny.  187  Woodcuts.   3s.  6d. 
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FINE  ARTS. 

20.  PERSPECTIVE  FOR  BEGINNERS,  Adapted  to  Young 
Students  and  Amateurs  in  Architecture,  Painting,  &c.  By  Gborob  Pynb, 
Artist.    Woodcuts.    2s. 

40.  GLASS  STAINING;  or,  Painting  on  Glass,  The  Art  of.    Com- 

prising  Directions  for  Preparing  the  Pigments  and  Fluxes,  Ia3ring  them  upon 

[the  Glass,  and  Firing  or  JBuming  in  the  Colours.    From  the  German  of  Dr. 

Gbssbrt.    To  which  is  added,  an  Appendix  on  Thb  Art  of  Enambllimg, 

&C.      IS. 

41.  PAINTING  ON  GLASS,  the  Art  of.     From  the  German  of 

Emanubl  Otto  Frombbrg.    is. 
69.  MUSIC,    A    Rudimentary    and    Practical    Treatise    on.      With 

numerous  Examples.    By  Charlbs  Child  Spbncer.    2s.  6d. 
71.  PIANOFORTE,  The  Art  of  Playing  the.    With  numerous  Exer- 

cises  and  Lessons.  Written  and  Selected  from  the  Best  Masters,  by  Charlbs 

Child  Spbncbr.    is.  6d. 

181.  PAINTING  POPULARLY  EXPLAINED,  including  Fresco, 
Oil,  Mosaic,  Water  Colour,  Water- Glass,  Tempera,  Encaustic.  Miniature. 
Painting  on  Ivory,  Vellum.  Pottery,  Enamel,  Grlass,  &c.  With  Historical 
Sketches  of  the  Progress  of  the  Art  by  Thomas  John  Gullick,  assisted  by 
John  Times,  F.S.A.  Third  Edition,  revised  and  enlarged,  with  Frontispiece 
and  Vignette.    5s. 

186.  A  GRAMMAR  OF  COLOURING,  applied  to  Decorative 
Painting  and  the  Arts.  By  George  Field.  New  Edition,  enlanred  and 
adapted  to  the  Use  of  the  Ornamental  Painter  and  Designer.  By  Ellis  A. 
Davidson,  Author  of  "Drawing  for  Carpenters,"  &c.  With  two  new 
Coloured  Diagrams  and  numerous  Engravings  on  Wood.    2s.  6d. 


ARITHMETIC,    GEOMETRY,  MATHEMATICS, 

ETC. 

32.  MATHEMATICAL  INSTRUMENTS,  a  Treatise  on;  in  which 

their  Construction  and  the  Methods  of  Testing,  Adjusting,  and  Using  them 

are  concisely  Explained.     By  J.  F.  Heathbr,  M.A..  of  the  Royal  Military 

'.Academy,  Woolwich.    Original  Edition,  in  z  vol..  Illustrated,    zs.  6d. 

•»•  In  ordering  the  adove,  be  careful  io  say,  "  Original  Edition,**  or  give  the  number 

in  the  Series  (32)  to  distinguish  it  from  the  Enlarged  Edition  in  3  vols, 

{Nos.  168-9-70.) 

60.  LAND  AND  ENGINEERING  SURVEYING,  a  Treatise  on; 
with  all  the  Modem  Improvements.  Arranged  for  the  tJse  of  Schools  and 
Private  Students ;  also  for  Practical  Land  Surveyors  and  Engineers.  By 
T.  Baker,  C.E.  New  Edition,  revised  hy  Edward  Nugent,  C.E.  Illus- 
trated with  Plates  and  Diagframs.  2S. 
ti*,  READY  RECKONER  FOR  THE  ADMEASUREMENT  OF 
LAND.  By  Abraham  Arman,  Schoolmaster,  Thurleigh,  Beds.  To  which 
is  added  a  Table^  showing  the  Price  of  Work,  from  2s.  6d.  tO;^z  per  acre,  and 
Tables  for  the  Valuation  of  Land,  from  zs.  to  ;^i,coo  per  acre,  and  from  one 
pole  to  two  thousand  acres  in  extent,  &c.,  &c.    zs.  6d. 

76.  DESCRIPTIVE  GEOMETRY,  an  Elementary  Treatise  on; 
with  a  Theory  of  Shadows  and  of  Perspective,  extracted  from  the  French  of 
G.  MoNGE.  To  which  is  added,  a  description  of  the  Principles  and  Practice 
of  Isometrical  Projection ;  the  whole  being  intended  as  an  introduction  to  the 
Application  of  Descriptive  Geometry  to  various  branches  of  the  Arts.  By 
J.  F.  Hkather,  M.A.    Illustrated  with  z4Plates.    2s. 

178.  PRACTICAL    PLANE    GEOMETRY:    giving    the    Simplest 

Modes  of  Constructing  Figures  contained  in  one  Plane  and  Geometrical  Con- 
struction of  the  Ground.  By  J.  F.  Hbathbr,  M.A.  With  azs  Woodcuts.  28. 

179.  PROJECTION :  Orthographic,  Topographic,   and  Perspective: 

giving  the  various  Modes  of  Delineating  Solid  Forms  by  Constructions  on  a 
ingle  Plane  Surface.    By  T.  F.  Hbathbr,  M.A.  \In  preparation, 

*^*  The  alnnte  three  volumes  will  form  a  Complbtb  Elbmbntary  Coursb  of 

Mathbmatical  Drawing. 
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Arithmetic,  Geometry,  Mathematics,  etc.,  continued, 

83.  COMMERCIAL  BOOK-KEEPING.  With  Commercial  Phrases 

Tand  Forms  in  English,  French,  Italian,  and  German.    By  Iambs  Haddon, 
M.A.,  Arithmetical  Master  of  King's  College  School,  London,    zs. 

84.  ARITHMETIC,  a  Rudimentary  Treatise  on :  with  full  Explana- 

tions  of  its  Theoretical  Principles,  and  numerous  Examples  for  Practice.  For 
the  Use  of  Schools  and  for  Self-Instruction.  Bj  J.  R.  Young,  late  Professor 
of  Mathematics  in  Belfast  College.    New  Edition,  with  Index*    zs.  6d. 

84*  A  Key  to  the  above,  containing  Solutions  in  full  to  the  Exercises,  together 
with  Comments,  Explanations,  and  Inaproved  Processes,  for  the  Use  of 
Teachers  and  Unassisted  Learners.    By  J.  R.  Young,    zs.  6d. 

85.  EQUA  TIONAL  ARITHMETIC,  applied  to  Questions  of  Interest, 
85*.   Annuities,  Life  Assurance,  and  General  Commerce ;  with  various  Tables  by 

which  all  Calculations  may  be  greatly  facUitated.    By  W.  Hifslby.    2s. 

f^,  ALGEBRA,  the  Elements  of.  By  James  Haddon,  M.A., 
Second  Mathematical  Master  of  King's  College  School.  With  Appendix, 
containing  miscellaneous  Investigations,  and  a  Collection  of  Proofems  in 
various  parts  of  Algebra.    2s. 

86*  A  EIby  and  Companion  to  the  above  Book,  forming  an  extensive  repository  of 
Served  Examples  and  Problems  in  Illustration  of  the  various  Expedients 
necessary  in  Algebraical  Operations.  Especially  adapted  for  Self-Instruc- 
tion.   By  J.  R.  YOUNG.    IS.  6d. 

^,  EUCLID,  The  Elements  of  :  with  many  additional  Propositions 

89.  and  Explanatory  Notes :  to  which  is  prefixed,  an  Introductory  Essay  on 
Logic.    By  Henry  Law,  C.E.    as.  6d. 

•»•  Sold  also  separatefyy  viz,  : — 

88.  Euclid,  The  First  Three  Books.    By  Henry  Law,  C.E.    is. 

89.  EucuD,  Books  4,  5,  6,  zx,  12.    By  Henry  Law,  C.E.    zs.  6d. 

90.  ANALYTICAL    GEOMETRY  AND    CONIC    SECTIONS, 

a  Rudimentary  Treatise  on.  By  James  Hann,  late  Mathematical  Master  of 
King's  College  School,  London,  A  New  Edition,  re-written  and  enlarged 
by  J.  R.  Young,  formerly  Professor  of  Mathematics  at  Belfast  College.     2s. 

91.  PLANE    TRIGONOMETRY,  the   Elements   of.     By  James 

Hann,  formerly  Mathematical  Master  of  King's  College,  London,    zs. 

92.  SPHERICAL  TRIGONOMETRY,  the  Elements  of.    By  James 

Hann.    Revised  by  Charles  H.  Dowling,  C.E.    is. 
%•  Or  with  "  The  Elements  0/ Plane  Trigonometry,*'  in  One  Volume,  ^.  ' 

93.  MENSURATION  AND  MEASURING,  for  Students  and  Prac- 

tical Use.    With  the  Mensuration  and  Levelling  of  Land  for  the  Purposes  of 
.  Modem  Engineering.    By  T.  Baker,  C.E.    New  Edition,  with  Corrections 
and  Additions  by  E.  Nugent,  C.E.    Illustrated,     zs.  6d. 

94.  LOGARITHMS,  a  Treatise  on;  with  Mathematical  Tables  for 

facilitating  Astronomical,  Nautical,  Trigonometrical,  and  Logarithmic  Calcu- 
lations; Tables  of  Natural  Sines  and  Tangents  and  Natural  Cosines.  By 
Henry  Law,  C.E.    Illustrated.    2s.  6d. 

loi*.  MEASURES,  WEIGHTS,  AND  MONEYS  OF  ALL  NA- 
TIONS, and  an  Analysis  of  the  Christian,  Hebrew,  and  Mahometan 
Calendars.    By  W.  S.  B.  Woolhousb,  F.R.A.S.,  8cc.    zs.  6d. 

102.  INTEGRAL   CALCULUS,  Rudimentary  Treatise  on  the.     By 

HoMERSHAM  Cox,  B.A.    Illustrated,    is. 

103.  INTEGRAL  CALCULUS,  Examples  on  the.    By  James  Hann, 

late  of  King's  College,  London.    Illustrated,    zs. 

loi.  DIFFERENTIAL  CALCULUS,  Examples  of  the.   By  W.  S.  B. 
■Woolhousb,  F.R.A.S.,  8cc.    zs.  6d. 

104.  DIFFERENTIAL  C^Z6'W:i75,  Examples  and  Solutions  of  the. 

By  James  Haddon,  M.A.    is. 
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Arithmetic,  Geometry,  Mathematics,  etc.,  continued, 
105.  MNEMONICAL    LESSONS,  — Geouetky,    Algebra,    and 

Trigonombtry,  in  Easy  Mnemonical  Lessons.  By  the  Rev.  Thomas 
Pbnyngton  Kirkman,  M.A.    is.  6d. 

136.  ARITHMETIC,  Rudimentary,  for  the  Use  of  Schoob  and  Self- 
Instruction.  By  Jambs  Haddon,  M.A.  Revised  by  Abraham  Arman. 
IS.  6d. 

X37.    A  Key  to  Haddon's  Rudimentary  Aritumbtic.    By  A.  Arman.    is.  6d. 

147.  ARITHMETIC,  Stepping-Stone  to;  being  a  Complete  Course 

of  Exercises  in  the  First  Four  Rules  (Simple  and  Compound),  on  an  entirely 
new  principle.  For  the  Use  of  Elementary  Schools  of  every  Grade.  Intended 
as  an  Introduction  to  the  more  extended  works  on  Arithmetic.  By  Abraham 
Arman.    is. 

148,  A  Key  to  Stepping-Stone  to  Arithmetic.    By  A.  Arman.    is. 

158.  THE  SLIDE  RULE,  AND  HOW  TO  USE  IT;  conteining 
full,  easy,  and  simple  Instructions  to  perform  all  Business  Calculations  with 
unexampled  rapidity  and  accuracy.  By  Charles  Hoarb,  C.E.  With  a 
Slide  Rule  in  tuck  of  cover.    3s. 

168.  DRAWING  AND  MEASURING  INSTRUMENTS.    Includ- 

ing — I.  Instruments  employed  in  Geometrical  and  Mechanical  Drawing, 
and  in  the  Construction,  Copying,  and  Measurement  of  Maps  and  Plans. 
II.  Instruments  used  for  the  purposes  of  Accurate  Measurement,  and  for 
Arithmetical  Computations.  By  J.  F.  Heather^  M.A^  late  of  the  Royal 
Military  Academy.  Woolwich,  Author  of  "  Descriptive  Geometry,"  8cc.,  &c. 
Illustrated,    is.  od. 

.169.  OPTICAL  INSTRUMENTS,  Including  (more  especially)  Tele- 
scopes.  Microscopes,  and  Apparatus  for  producing  copies  of  Maps  and  Plans 
by  Photography.    By  J.  F.  Heather,  M.A.    Illustrated,    is.  od. 

170.  SURVEYING  AND  ASTRONOMICAL  INSTRUMENTS. 
Including< — ^I.  Instruments  U^ed  for  Determining  the  Geometrical  Features 
of  a  portion  of  Grround.  II.  Instruments  Employ^  in  Astronomical  Observa- 
tions.   By  J.  F.  Heather,  M.A.    Illustrated,    is.  6d. 

*^*  The  above  three  volumes  form  an  enlargement  of  the  Author's  original  work^ 
**  Mathematical  Instruments:  their  Construction^  Adjustment ^  Testing^  and  Use y* 
the  Eleventh  Edition  of  which  is  on  sale^  price  is.  6a.  (See  No.  32  in  the  Series.) 

re»,-^  MATHEMATICAL  INSTRUMENTS,    By  J.  F.  Heather, 

169.  >  M.A.  Enlarged  Edition,  for  the  most  part  entirely  re-wntten.  The  3  Parts  as 
170.^  above,  in  One  thick  Volume.  With  numerous  Illustrations.  Cloth  boards,  ss.. 

185.  THE  COMPLETE  MEASURER ;  setting  forth  the  Measure- 
ment  of  Boards,  Glass,  &c.,  &c. ;  Unequal-sided,  Square-sided,  Octagonal- 
sided,  Round  Timber  and  Stone^  and  Standing  Timber.  With  just  Allow- 
ances for  the  Bark  in  the  respective  species  of  Trees,  and  proper  deductions 
for  the  waste  in  hewing  the  trees,  &c. ;  also  a  Table  showing  the  solidity  of 
hewn  or  eight-sided  timber,  or  of  any  octagonal -sided  column.  Compiled 
for  the  accommodation  of  Timber-growers,  Merchants,  and  Surveyors- 
.Stonemasons,  Architects,  and  others.  By  Richard  Horton.  ^  Third 
Edition,  with  considerable  and  valuable  additions.    4s.     [Just  published. 


LEGAL    TREATISES. 


50.  THE  LAW  OF  CONTRACTS  FOR  WORKS  AND  SER- 
VICES. By  David  Gibbons.  Third  Edition,  revised  and  considerably 
enlarged.    3s.  [Just  published. 

151.  A  HANDY  BOOK  ON  THE  LAW  OF  FRIENDLY,  IN* 
DUSTRIAL  6-  PROVIDENT  BUILDING  6-  LOAN  SOCIETIES.. 
With  copious  Notes.    By  Nathaniel  White,  of  H.M.  Civil  Service,    is. 

163.  THE  LAW  OF  PATENTS  FOR  INVENTIONS;  and  on 
the  Protection  of  Designs  and  Trade  Marks.  By  F.  W.  Campin,  Barrister- 
at-Law.    2S. 


7,    STATIONERS'  HALL  COURT,   LUDGATE    HILL,   E.G. 


12         weale's  educational  and  classical  series. 
MISCELLANEOUS    VOLUMES. 

36.  A  DICTIONARY  OF  TERMS  used  in  ARCHITECTURE, 
BUILDING,  ENGINEERING,  MINING,  METALLURGY,  ARCHM- 
OLOGY,  the  FINE  ARTS,  «5w.  With  Explanatory  Observations  on  various 
Subiects  connected  with-  Applied  Science  and  Art.  By  John  Wealk. 
Fifth  Edition,  revised  and  corrected.  Edited  by  Robert  Hu.vt,  F.R.S., 
Keeper  of  Minin?  Records,  Editor  of  Ure's  "  Dictionary  of  Arts,  Manu&c> 
tures,  and  Mines/'    Numerous  Illustrations.    5s. 

12.  MANUAL  OF  DOMESTIC  MEDICINE.  By  R.  Gooding, 
B.A.,  M.B.  Intended  as  a  Family  Guide  in  all  Cases  of  Accident  and 
Emergency.    2s. 

2*.  MANAGEMENT  OF  HEALTH,  A  Manual  of  Home  and 
Personal  Hygiene.    By  the  Rev.  James  Baird,  B.A.    is. 

13.  FIELD  ARTILLERY  ON  SERVICE,  on  the  Use  of.  With 
especial  Reference  to  that  of  an  Army  Corps.  For  Officers  of  all  Arms. 
By  Taubbrt,  Captain,  Prussian  Artillery.  Translated  from  the  German  by 
Lieut.-Col.  Henry  Hamilton  Maxvitell,  Bengal  Artillery',    xs.  6d. 

3».  SWORDS,  AND  OTHER  ARMS  used  for  Cutting  and  Thrust- 
ing^  Memoir  on.  By  Colonel  Marby.  Translated  from  the  French  by 
Colonel  H.  H.  Maxwbil.    With  Notes  and  Plates,    is. 

50.  LOGIC,  Pure  and  Applied.  By  S.  H.  Emmens.  Third 
Edition,    zs.  6d. 

52.  PRACTICAL  HINTS  FOR  INVESTING  MONEY.  With 
an  Explanation  of  the  Mode  of  Transacting  Business  on  the  Stock  Exchange. 
By  Francis  Playford,  Sworn  Broker,    is.  6d. 

53.  SELECTIONS  FROM  LOCKE'S  ESSAYS  ON  THE 
HUMAN  UNDERSTANDING.    With  Notes  by  S.  H.  Emmens.    as. 

93.  HANDBOOK  OF  FIELD  FORTIFICATION,  intended  for  the 
Guidance  of  Officers  Preparing  for  Promotion,  and  especially  adapted  to  the 
requirements  of  Beginners.  By  Major  W.  W.  KNOLLYS,  F.R.G.S.,  93rd 
Sutherland  Highlanders,  &c.     with  163  Woodcuts.    3s. 


EDXrCATIONAL  AND  CLASSICAL  SEBIES. 


HISTORY. 

I.  England,  Outlines  of  the  History  of;  more  especially  with 

reference  to  the  Origin  and  Progress  of  the  English  Constitution.  A  Text 
Book  for  Schools  and  Colleges.  JBy  William  Douglas  Hamilton,  F.S.A., 
of  Her  Majesty's  Public  Record  Office.  Fourth  Edition,  revised  and  brought 
down  to  1872.    Maps  and  Woodcuts.    5s. ;  cloth  bdards,  6s. 

5.  Greece,  Outlines  of  the  History  of ;  in  connection  with  the 

Rise  of  the  Arts  and  Civilization  in  Europe.  By  W.  Douglas  Hamilton, 
of  University  College,  London,  and  Edward  Lbvibn,  M.A.,  of  Balliot 
College,  Oxford,    as.  6d. ;  cloth  ooards,  3s.  6d. 

7.  Rome,  Outlines  of  the  History  of:  from  the  Earliest  Period 

to  the  Christian  Era  and  the  Commencement  of  the  Decline  of  the  Empire. 
By  Edward  Lbvien,  of  Balliol  College,  Oxford.  Map,  2s.  6d. ;  cl.  bds.  3s.  6d. . 

9.  Chronology  of  History,  Art,  Literature,  and  Progress, 

from  the  Creation  of  the  World  to  the  Conclusion  of  the  Franco-German 
War.  The  Continuation  by  W.  D.  Hamilton,  F.S.A.,  of  Her  Majesty's 
Record  Office.    3s. ;  cloth  boards,  3s.  6d. 

50.  Dates  and  Events  in  English  History,  for  the  use  of 

Candidates  in  Public  and  Private  Examinations.  By  the  Rev.  Edgar  Rand, 
B.A.    zs. 
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ENGLISH    LANGUAGE    AND    MISCEL- 
LANEOUS. 

11.  Grammar  of  the  English  Tongue,  Spoken  and  Written. 

With  an  Introduction  to  the  Study  of  Comparative  Philology.  By  Hydk 
Clarke,  D.C.L.    Third  Edition,    zs. 

II*.  Philology :  Handbook  of  the  Comparative  Philology  of  English, 
Anglo-Saxon,  Frisian,  Flemish  or  Dutch,  Low  or  Piatt  Dutch,  High  Dutch 
or  German,  Danish,  Swedish,  Icelandic,  Latin,  Italian,  French,  Spanish,  and 
Portuguese  Tongues.    By  Hyde  Clarke,  D.C.L.    is. 

12.  Dictionary  of  the  English    Language,  as  Spoken  and 

Written.  Containing  above  zoo,coo  Words.  By  Hyde  Clarke,  D.C.L, 
3s.  6d. ;  cloth  boards,  4s.  6d. ;  complete  with  the  Grammar,  cloth  bds.,  5s.  6d. 

48.  Composition  and    Punctuation,   familiarly  Explained   for 

those  who  have  neglected  the  .Study  of  Grammar.  By  Justin  Brbnan. 
z6th  Edition,    is. 

49.  Derivative  Spelling- Book :  Giving  the  Origin  of  Every  Word 

from  the  Greek,  Latin,  Saxon,  German,  Teutonic,  Dutch,  French,  Si>anish, 
and  other  Languages ;  with  their  present  Acceptation  and  Pronunciation. 
By  J.  RowBOTHAM,  F.R.A.S.    Improved  Edition,    is.  6d. 

51.  The  Art  of  Extempore  Speaking:  Hints  for  the  Pulpit,  the 

Senate,  and  the  Bar.  By  M.  Bautain,  Vicar-General  and  Professor  at  the 
Sorbonne.  Translated  from  the  French.  Fifth  Edition,  carefully  corrected. 
28.  6d.  , 

52.  Mining  and  Quarrying,  with  the  Sciences  connected  there- 

with. First  Book  of,  for  Schools.  By  J.  H.  Collins,  F.G.S.,  Lecturer  to 
the  Miner»'  Association  of  Cornwall  and  Devon,    is.  6d. 

53.  Places  and  Facts  in  Political  and  Physical  Geography, 

for  Candidates  in  Public  and  Private  Examinations.  By  the  Rev.  Edgar 
Rand,  B.A.    is. 

54.  Analytical  Chemistry,  Qualitative  and  Quantitative,  a  Course 

of.  To  which  is  prefixed,  a  Brief  Treatise  upon  Modem  Chemical  Nomencla- 
ture and  Notation.  By  Wm.  W.  Pink,  Practical  Chemist,  8ec.,  and  George. 
E.  Webster,  Lecturer  on  Metallurgy  and  the  Applied  Sciences,  Notting- 
ham.    2S. 

THE    SCHOOL    MANAGERS'    SERIES   OF   READING 

BOOKS, 

Adapted  to  the  Requirements  of  the  New  Code.  Edited  by  the  Rev.  A.  R.  Grant, 
Rector  of  Hitcham,  and  Honorary  Canon  of  Ely;  formerly  H.M.  Inspector 
of  Schools. 

Introductory  Primer,  3d. 


s.  d. 

First  Standard     .       .06 
Second      „  .       .    o  10 

Third        „  ..10 


J.    d. 
Fourth  Standard       .       ..12 
Fifth  „        .       .       .        .16 

Sixth  „ 16 

Lessons  from  the  Bible.    Part  I.    Old  Testament,    is. 
Lessons  from  the  Bible.     Part  II.    New  Testament,  to  which  is  added 
The  Geography  of  the  Bible,  for  very  young  Children.    By  Rev.  C. 
Thornton  Forster.     is.  2d.    %*  Or  the  Two  Parts  in  One  Volume,  as. 


FRENCH. 

24.  French  Grammar.    With  Complete  and  Concise  Rules  on  the 

Genders  of  French  Nouns.    By  G.  L.  Strauss,  Ph.D.    is. 

25.  French-English  Dictionary.    Comprising  a  large  number  of 

New  Terms  used  in  Engineering,  Mining,  on  Railways,  &c.     By  Alfred 
Elwes.    is.  6d. 

26.  English- French  Dictionary.    By  Alfred  Elwes.    2s. 
25,26.  French  Dictionary  (as  above).    Complete,  in  One  Vol.,  3s. ; 

cloth  boards,  3s.  6d.    %*  Or  with  the  Grammar,  cloth  boards,  4s.  6d. 
7,    STATIONERS*  HALL  COURT,   LUDGATE   HILL,   E.C* 


14         weale's  edtk:ational  and  classical  series. 

French,  cantimud, 

47.  French  and  English  Phrase  Book :  containing  Intro- 
ductory Lessons,  with  Translatioiis,  for  the  convenience  of  Students ;  several 
Vocabularies  of  Words,  a  Collection  of  suitable  Phrases,  and  Easy  familiar 
Dialogues,    zs. 

GERMAN. 

39.  German  Grammar.      Adapted   for   English   Students,  from 

Heyse*s  Theoretical  and  Practical  Grammar,  by  Dr.  G.  L.  Strauss,    is. 

40.  German  Reader :  A  Series  of  Extracts,  carefully  cidled  from  the 

most  s^yproved  Authors  of  Germany ;  with  Notes,  Philological  and  Ex- 
planatory.   By  G.  L.  Stsauss,  PluD.    xs. 

41.  Grerman  Triglot  Dictionary.     By  Nicholas  Esterhazy, 

S.  A.  Hamilton.    Parti.  English-Goman-French.    xs. 

42.  Grerman    Triglot    Dictionary.      Part  II.   German-French- 
English,    xs. 

43.  German  Triglot  Dictionary.      Part  HI.   French-Gennan- 

English,    xs.  ^ 

41-43.  German  Triglot  Dictionary  (as  above),  in  One  VoL,  3s. ; 

cloth  boards,  4s.    %*  Or  with  the  German  Grammar,  cloth  boards,  5s. 


ITALIAN. 

27.  Italian  Grammar,  arranged  in  Twenty  Lessons,  'with  a  Course 

of  Exercises.    By  Alfred  Elwes.    xs. 

28.  Italian  Triglot  Dictionary,  wherein  the  Genders  of  all  the 

Italian  and  French  Nouns  are  carefully  noted  down.    By  Alfred  Elwes. 
Vol.  I.  Italian-English-French.    2s. 

30.  Italian    Triglot    Dictionary.      By  A.  Elwes.      Vol.  a. 

English-French-Italian.    fs. 

32.  ItaHan  Triglot  Dictionary.     By  Alfred  Elwes.    Vol.  3. 

French-Italian-English.    2s. 

58,30,  Italian  Triglot  Dictionary  (as.  above).    In  One  Vol.,  6s.; 
32.      cloth  boards,  7s.  6d.     %*  Or  with  the  Italian  Grammar,  cloth  bds.,  8s.  6d. 


SPANISH  AND  PORTUGUESE. 

34.  Spanish  Grammar,  in  a  Simple  and  Practical  Form.    With 

a  Course  of  Exercises.    By  Alfred  Elwes.    xs.  6d. 

35.  Spanish-English   and    English-Spanish    Dictionary. 

Including  a  large  number  of  Technical  Terms  used  in  Mining,  Engineering,  &c., 
wi^  the  proper  Accents  and  the  Gender  of  every  Noun.  By  Alfred  Blwes. 
48. ;  cloth  boards,  5s.    %*  Or  with  the  Grammar,  cloth  boards,  6s, 

55.  Portuguese  Grammar,  in  a  Simple  and  Practical  Form. 
With  a  Course  of  Exercises.  By  Alfred  Elwes,  Author  of  "  A  Spanish 
Grammar,"  &c.    is.  6d.  [Just published. 


HEBREW. 
46».  Hebrew  Grammar.    By  Dr.  Bresslau.    is.  6d. 
44.  Hebrew  and  English  Dictionary,  Biblical  and  Rabbinical ; 

containing  the  Hebrew  and  Chaldee  Roots  of  the  Old  Testament  Post- 
Rabbinical  Writings.  By  Dr.  Bresslau.  6s.   %*  Or  with  the  Grammar,  7s. 

46.  English  and  Hebrew  Dictionary.    By  Dr.  Bresslau.    3s. 

44,46.  Hebrew  Dictionary  (as  above),  in  Two  Vols.,  complete,  with 
46*.      the  Grammar,  cloth  boards,  X2s. 
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LATIN. 

19.  Latin  Grammar.    Containing  the  Inflections  and  Elementary 

,  Principles  of  Translation  and  Construction.    By  the  Rev.  Thomas  Goodwin, 
M.  A.,  Head  Master  of  the  Greenwich  Proprietary  School,    zs. 

20.  Latin-English  Dictionary.    Compiled  from  the  best  Autho- 

rities.   By* the  Rev.  Thomas  Goodwin,  M.A.    28. 

22.  English-Latin   Dictionary;   together  with  an  Appendix  of 

French  and  Italian  Words  which  have  their  origin  from  the  Latin.     By  the 
Rev.  Thomas  Goodwin,  M.A.    is.  6d. 

20^22.  Latin  Dictionary  (as  above).    Complete  in  One  Vol.,  3s.  6d. ; 

cloth  boards,  4s.  6d.    %*  Or  with  the  Grammar,  cloth  boards,  5s.  6d. 

LATIN  CLASSICS.    With  Explanatory  Notes  in  English. 

1.  Latin  Delectus.    Containing  Extracts  from  Classical  Authors, 

with  Genealogical  Vocabularies  and  Explanatory  Notes,  by  Henry  Youno, 
lately  Second  Master  of  the  Royal  Grammar  School,  Guildford,    is. 

2.  Caesaris  CommentariideBelloGallico.  Notes,  and  a  Geographical 

Register  for  the  Use  of  Schools,  by  H.  Young,    as. 
12.  Ciceronis  Oratio  pro  Sexto  Roscio  Amerino.    Edited,  with  an 
Introduction,  Analysis,  and  Notes  Explanatory  and  Critical,  by  the  Rev. 
James  Davies,  M.A.    is. 

14.  Ciceronis  Cato  Major,  Laelius,  Brutus,  sive  de  Senectute,  de  Ami- 
citia,  de  Claris  Oratoribus  Dialogi.  With  Notes  by  W.  Brownrigg  Smith, 
Af.A.,  F.R.G.S.    2s. 

3.  Cornelius  Nepos.     With  Notes.     Intended  for  the  Use  of 

Schools.    By  H.  Young,    is. 

6.  Horace;   Odes,   Epode,   and  Carmen  Saeculare.     Notes  by  H. 

Young,    is.  6d. 

7.  Horace;  Satires,  Epistles,  and  ArsPoetica.  Notes  by  W.  Brown- 

rigg Smith,  M.A.,  F.R.G.S.    is.  6d. 

21.  Juvenalis  Satirae.    With  Prolegomena  and  Notes  byT.  H.  S. 

EscoTT,  B.A.,  Lecturer  on  Logic  at  King's  College,  London,    zs.  6d. 

16.  Livy :  History  of  Rome.  Notes  by  H.  Young  and  W.  B,  Smith, 

M.A.    Part  z.    Books  i.,  ii.,  zs.  6d. 
i6*.  '  Part  2.    Books  iii.,  iv.,  v.,  is.  6d. 

Z7.  Part  3.    Books  xxi.  xxii.,  is.  6d. 

8.  Sallustii  Crispi  Catalina  et  BeUum  Jugurthinum.    Notes  Critical 

and  Explanatory,  by  W.  M.   Doxne,  B.A.,  Trinity  College,  Cambridge. 
IS.  6d. 

10.  Terentii  Adelphi  Hecyra,  Phormio.    Edited,  with  Notes,  Critical 

and  Explanatory,  by  the  Rev.  Jambs  Davies,  M.A.    2s. 

9.  Terentii  Andria  et  Heautontimorumenos.    With  Notes,  Critical 

and  Explanatory,  by  the  Rev.  Jambs  Davies,  M.A.    zs.  6d. 

11.  Terentii  Eunuchus,  Comoedia.    Edited,  with  Notes,  by  the  Rev. 

James  Davies,  M.A.     is.  6d.    Or  the  Adelphi,  Andria,  and  Eunuchus, 
3  vols,  in  I,  cloth  boards,  6s. 

4.  Virgilii  Maronis  Bucolica  et  Georgica.  With  Notes  on  the  Buco- 

lics by  W.  RusHTON,  M.A.,  and  on  the  Georgics  by  H.  Young,    zs.  6d. 

5.  Virgilii  Maronis  iEneis.    Notes,  Critical  and  Explanatory,  by  H. 
Young.    2s. 

19.  Latin  Verse  Selections,  from  Catullus,  Tibullus,  Fropertius, 

and  Ovid.  Notes  by  W.  B.  Donne,  M.A.,  Trinity  College,  Cambridge.    2s. 

20.  Latin  Prose   Selections,  from  Varro,  Columella,  Vitruvius, 

Seneca,  Quintilian,  Floras,  Velleius  Paterculus,  Valerius  Maximus  Sueto- 
nius, Apuleius,  &c.    Notes  by  W.  B.  Donnb,  M.A.    2s. 
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GREEK. 

14.  Greek  Grammar,  in  accordance  with  the  Principles  and  Philo- 
logical Researches  of  the  most  eminent  Scholars  of  our  own  day.  By  Hans 
Clauds  Hamilton,    is. 

15,17.  Greek  Lexicon.  Containing  all  the  Words  in  General  Use,  with 
their  Significations,  Inflections,  and  Doubtful  Quantities.     By  Hbnry  R 
Hamilton.    Vol.  i.  Greek-English,  2s. ;  Vol.  2.  English-Greek,  as.    Or  the 
Two  Vols,  in  One,  4s. :  cloth  boards,  5s. 

14,15.  Greek  Lexicon  (as  above).    Complete,  with  the  Grammar,  in 

17.      One  Vol.,  cloth  boards,  6s. 
GREEK  CLASSICS.    With  Explanatory  Notes  in  English. 

I.  Greek  Delectus.  Containing  Extracts  from  Classical  Authors, 
with  Genealogical  Vocabularies  and  Explanatory  Notes,  by  H.  Young.  New 
Edition,  with  an  improved  and  enlarged  Supplementary  Vocabulary,  by  John 
Hutchison,  M.A.,  of  the  High  School,  Glasgow,    xs. 

30.  .^schylus ;  Prometheus  Vinctus  :  The  Prometheus  Bound.  From 
the  Text  of  Dindorf.  Edited,  with  English  Notes,  Critical  and  Explanatory, 
by  the  Rev.  Jambs  Davibs,  M.A.    is. 

32.  .^schylus ;  Septem  Contra  Thebes :  The  Seven  against  Thebes. 
From  the  Text  of  Dindorf.  Edited,  with  English  Notes,  Critical  and  Ex- 
planatory, by  the  Rev.  Jambs  Davibs,  M.A.    xs. 

40.  Aristophanes ;   Achamians.    Chiefly  from  the  Text  of  C.  H. 

Wbisb.    With  Notes,  by  C.  S.  T.  Townshend,  M.A.    is.  6d. 

26.  Euripides :  Alcestis.    Chiefly  from  the  Text  of  Dindorf.  With 

Notes,  Critical  and  Explanatory,  by  John  Milnbr,  B.A.    is. 
23.  Euripides :  Hecuba  and  Medea.    Chiefly  from  the  Text  of  Din- 
dorf.   With  Notes,  Critical  and  Explanatory,  by  W.  Brownrigg  Smith, 
M.A.,  F.R.G.S.    IS.  6d. 

14-17.  Herodotus,  The  History  of,  chiefly  after  the  Text  of  Gaisford. 
With  Preliminary  Observations  and  Appendices,  and  Notes,  Critical  and 
Explanatory,  by  T.  H.  L.  Lbary,  M.A.,  D.C.L. 

Part  I.    Books  i.,  ii.  (The  Clio  and  Euterpe),  2s. 

Part  2.    Books  iii.,  iv.  (The  Thalia  and  Melpomene),  2s. 

Part  3.    Books  v.-vii.  (The  Terpsichore,  Erato,  and  Polymnia),  2s. 

Part  4.    Books  viii.,  ix.  (The  Urania  and  Calliope)  and  Index,  is.  6d.* 

5-12.  Homer,  The  Works  of.    Accordihg^  to  the  Text  of  Baeumlein. 

With  Notes,  Critical  and  Explanatorjr,    drawn  from  the  best  and  latest 

Authorities,  with  Preliminary  Observations  and  Appendices,  by  T.  H.  L. 

Lbary,  M.A.,  D.C.L. 

The  Iliad  :         Part  i.  Books  i.  to  vi.j  is.6d.    j  Part  3.  Books  xiii.  to  xviii.,  is.  6d. 

Part  2.  Books  vii.  to  xii.,  is.  6d.   |  Part  4.  Books  xix.  to  xxiv.,  is.  6d. 

The  Odyssey:    Part  i.  Books  i.  to  vi.,  is.  6d.       Part  3.  Books  xiii.  to  xviii.,  is.  6d. 

Part  2.  Booksvii.toxii.,  IS.  6d.      Part  4.  Books  xix.  to  xxiv.,  and 

Hymns,  2s. 

4.  Lucian's  Select  Dialogues.    The  Text  carefully  revised,  with 

Grammatical  and  Explanatory  Notes,  by  H.  Young,    is. 
13.  Plato's  Dialogues :   The  Apology  of  Socrates,  the  Crito,  and 

the  Phaedo.    From  the  Text  of  C.  F.  Hermann.    Edited  with  Notes,  Critical 
and  Explanatory,  by  the  Rev.  James  Davibs,  MJ\..    2s. 

18.  Sophocles :  CEdipusiTyrannus.    Notes  by  H.  Young,     is. 

20.  Sophocles:   Antigone.    From  the  Text  of  Dindorf.     Notes, 

Critical  and  Explanatory,  by  the  Rev.  John  Milnbr,  B.A.    2s.* 

41.  Thucydides :  History  of  the  Peloponnesian  War.    Notes  by  H 

Young.    Book  i.    is. 
2,  3.  Xenophon's  Anabasis;  or,  The  Retreat  of  the  Ten  Thousand. 

Notes  and  a  Geographical  Register,  by  H.  Young.    Part  i.  Books  i.  to  iii., 
IS.    Part  8.  Books  iv.  to  vii.,  is. 

42.  Xenophon's  Panegyric  on  Agesilaus.    Notes  and  Intro- 
duction by  Ll.  F.  W.  Jewitt.    is.  6d. 
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